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Summary
The electrical conductances of aqueous solutions of magnesium and 
manganese (II) oxalates and diothionates, barium dithionate and of 
acetic acid have been measured at various frequencies in tbe range 
1 KHz to 50 MHz, using a conventional audio-frequency Wheatstone bridge 
and two radio-frequency transformer ratio-arm bridges. The measure­
ments of the radio-frequency conductances were determined with respect 
to potassium chloride which is taken as the reference electrolyte.
The evaluation of the conductance data was carried out by extra­
polation and minimisation techniques using the following theoretical
f8 29)conductance equations: the complete and modified forms of Pitts^ J
and Fuoss-Hsia^’^  and those of Falkenhagen-Leist-Kelbg^, 
D ’Aprano^^ and Murphy-Cohen^^ . Quantitative results showed tbat 
magnesium, manganese and barium dithionates could be only treated as 
essentially fully dissociated electrolytes which exhibit ion pairing.
All the oxalate cgid dithionate salts showed an increase in their 
conductances in a high-frequency field (normal Falkenhagen effect).
This could be explained in terms of two effects: tbe ion atmosphere
relaxation^, and the relaxation of ion-pair equilibrium as calculated 
by Gilkerson^^. The above-mentioned electrolytes exhibited 
variations in tbe values of their association constants (second 
Falkenhagen effect) with frequency. Estimation has been made for the 
rate constants of the ion-pair dissociation rate by using Gilkerson 
theory.
Tbe results indicate that acetic acid does not exhibit any effect 
other than relaxation Of the ionic atmosphere, corresponding to the
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frequency of the alternating field. It is concluded that this 
electrolyte is present in neutral molecules which can not be dissociated 
by the alternating field.
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PART I 
SECTION 1
LOW-FREQUENCY CONDUCTANCE
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In 1923, Debye and Huckel^ assumed complete dissociation of 
aqueous solutions of strong electrolytes and ascribed the change of 
equivalent conductance with concentration to a change of mobility 
(rather than of tbe degree of dissociation) with concentration, the 
change being due to the mutual interionic forces. Their theory led 
to tbe verification of the limiting result found empirically by 
Kohlrausch long before
Ac s V S c 1 (1.1)
a linear decrease with tbe square root of concentration, where AQ is 
the equivalent conductance at infinite dilution.
Tbe interionic forces will effect both the reversible and 
irreversible processes in an electrolyte solution. The forces cause 
deviation from random distribution in the solution, as atmospheres of 
ionic charge form about each ion, i.e. each ion in solution has an 
associated, spherically symmetric region of opposite charge overall, 
known as tbe "ion atmosphere". For this reason, the ions will
influence each other’s motion. Tbe electrostatic potential energy of
an ionic solution (which is assumed to be the energy which gives rise 
to its non-ideal behaviour) thus depends upon the energy of inter­
action between the ions and their surrounding ionic atmospheres.
Debye and Huckel developed the theory of interionic attraction upon 
this model and their calculations are based upon the following 
assumptions
(a) Only Coulombic forces are important in interionic
attraction; any other inter-ionic forces are negligible.
( i )  The Conductance o f Completely Dissociated Electrolytes
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Cb) The dielectric constant of the solution is not 
essentially different from that of the solvent.
(c) The ions can be regarded as point charges, 
unpolarisable, and possessing a symmetrical 
coulombic field.
(d) The interionic attraction potential energy is 
small compared with the kinetic energy of the 
thermal motion.
(e) Strong electrolytes in solutions are completely 
dissociated at all concentrations in which the 
theory is valid.
Using these assumptions, the potential energy of an ion due to its 
atmosphere has been calculated by Debye and Huckel ^  to be
z- e X
' I  = - V -
z^ is here the valency of the central ion, D is the dielectric 
constant, e is the electronic charge and is defined below.
This, expression is equal to the potential which would be set up by 
z^ electrons each carrying a charge e and situated at a distance 
1 / X  from the central ion. The distance 1 /y t is therefore known as 
the thickness of the ion atmosphere, and its value for the general 
case is given by
t o  = t o
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*)(] ^  being the number of ions of type i present in the solution, k 
is Boltzmann's constant, and T is the absolute temperature. In 
the mathematical simplification of Debye-Hiickel treatment it had to 
be assumed that the electrical interaction of an ion is small compared 
with its mean thermal energy; the result will be valid so long as 
zi e ^./kT «  1 . It is seen from equation (1. 3) that DC2 is 
proportional to the ionic strength term and depends also upon dielectric
constant and temperature. 1/DC has the dimensions of length.
\
Introducing numerical values for the universal constants (see p.223), 
and for aqueoiis solutions at 29 8K, equation (1.3) becomes
1/X = 0.304 .10- 9 m (1*4)
and from this the values of 1/X can be calculated and are given in 
the following table
Table 1
Radius of the ionic atmosphere at 298°K (in nm) 
and its variation with concentration and salt type
Salt type 1-1 1-2 2-2 1-3
c/gm.mole 1
10” ^ 
10“3 
10“2 
10“1
30.4
9.6
3.04
0.96
17.6 
, 5.55 
1.76 
0.55
15.2
4.81
1.52
0.48
12.4
3.93
1.24
0.39
-  l i  ­
lt can be seen from Table 1 that the radius (thickness) of the 
ionic atmosphere in very dilute solutions is much greater than the 
radius of the central ion itself, which is of the order of only 0.3 
to 0.5 nm units for a monatomic ion. This justifies the above 
assumption (c), namely tbat the ions can be regarded effectively as 
point charges, 
v
If an ion in the system described above is moved through the 
solution, e.g. by means of external forces, tbe surrounding ions will 
be continually changing their distribution in order to maintain the 
ionic atmosphere. Therefore, tbe ionic cloud surrounding a moving 
ion will not possess its equilibrium distribution. At a point in 
front of the moving ion, the electric density will be somewhat smaller 
than the equilibrium value, while behind the ion it will not yet have 
fallen to its equilibrium value. This follows from the finite time 
of relaxation of the ionic atmosphere. Hence, during motion, there 
will always be an additional unsymmetrical charge distribution, which 
will be superimposed upon the original, symmetrical, equilibrium ionic
j
atmosphere. Since the ion and its atmosphere are always oppositely 
charged, the result will be a force that tends to oppose the motion of 
the ion, independently of the sign of its charge. This retarding 
force is called the relaxation force, and will obviously increase with 
increasing concentration. 1
A second effect must also be taken into account. In the 
immediate neighbourhood of an ion,„there is present an excess of ions 
of the opposite signs and which move in the opposite direction under 
the influence of an external electric field. These ions will carry 
with them a certain amount of the solvent, and hence the centralion has 
to be moved, not through a stationary solvent, but through a medium
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moving in the opposite direction. From this movement, a retarding 
force, usually called the "electrophoretic force", results. Finally, 
there will be force opposing the motion of the ion which is called the 
"frictional force" R; according to Stokes's Law, this force is given 
by
R = 6tt n r u (1.5)
where r is the radius of the particle moving with velocity u and 
q is the internal viscosity of the liquid.
In the case of a charged ion moving through the solution with its
ion atmosphere, under an external field, this field will act upon the
charges constituting the atmosphere, in a manner for which Stokes's Law
f2)makes no allowance. However, Hermansv J derived a more exact equation 
for the velocity of an ion, under an electric force, by taking the 
interaction of solvent dipoles into account.
(3)Shortly afterwards, Onsagert J gave a theoretical derivation of 
the coefficient S (equation 1.1), using the Debye-Huckel model of the 
ion atmosphere and their processes of relaxation braking and electro­
phoretic counterflow. The limiting tangent to the conductance curve 
is given by the Debye-Huckel-Onsager equation, for symmetrical electrolytes
A - Ao - (a Aq + Bq) c^ (1.6)
where a and BQ are completely determined, given temperature, valence 
type of the electrolyte, and dielectric constant and viscosity of . the 
siolvent.
This equation may be regarded as a first approximation to an
i
equation describing a plot of A against c2 ; such a plot, according
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to the Fuoss nomenclaturev J, is called a phoreogram, and in practical 
terms equation (1.6) represents the tangent to the phoreogram at c=0. 
Practically, it was found that the phoreograms of most uni-univalent 
salts approached the limiting law from above due to the non-zero size 
of the ions.
Attempts have been made from time to time to modify and remove
the approximations inherent in the original Debye-Hiickel theory, in
which ions were regarded as point charges, in order to produce
conductance equations that represent more precisely the behaviour of
strong electrolytes. One of the first attempts was made by
(S')Falkerihagen, Leist and Kelbg^ J. They produced a conductance equation, 
based on the Eigen-Wicke distribution function^, in which the distance 
of closest approach between the ions, the a parameter, is taken into 
account in the boundary conditions. According to Eigen and Wicke, 
contrary to the Boltzmann distribution, the volume occupied by the 
ions should restrict the sites available for n ions in unit volume to 
a number Nn , where Nn represents the occupancy in the Eigen-Wicke 
theory. For this case, Falkenhagen, Leist and Kelbg used the same 
model of distribution function which allowed not more than one ion 
could occupy the same site. The conductance equation was formulated 
as
>  -  Ao -  AL  -  Ah  t o
where ’A| and A|j are the relaxation and electrophoretic terms 
respectively. Equation (1.7) will be considered in more detail in
T4")
= molar conductivity
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the high-frequency conductance section. A subsequent paper^ 
introduced slightly modified boundary conditions.
The problem of electrolyte conductance has been treated by
Pitts ^  . The ionic radius is again incorporated into the theory,
which is based on Onsager’s general equations of motion. The
T9)expansions of Gronwall, La Mer and Sandved^ J for the potential due
to tbe ion atmosphere are used as zero solutions. Here the boundary
conditions are postulated in a different manner and additional effects 
/are not taken into account. Tbe resulting conductivity equation may 
be written
A cs
£L+y) (2z+y)
+ B c Sj + G cz
( i +y)
A c‘ H c5 T,
( i +y ) 2 (22+y) CPyT
(1.8)
where S1 and T are functions of y defined by Pitts ^  with
B = 3H2 , A = H(2Z-1) ,
H = z2 e2X/3DkT c2 ,
G = DkT H N 1 0 %  n cJ
y a , where JC = 8ir N z2 e2 clOOODkT
D is the solvent dielectric constant and N is Avogadro’s constant.
A recent attempt to broaden the range of validity of conductance 
formulae by introduction of a mean ionic radius a/2 is described by
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Fuoss and his collaborators^ ^ . The basic Onsager equations are 
used as a point of departure, subject to boundary conditions for 
charged spheres (rather than point charges) to represent the ions, and 
with retention of higher order terms. The equation may be written in 
the form of a series in c
iA - A - S . c2 ■ + Eclnc + J c +  (1*9)
in which J is an explicit function of the ionic size parameter a ,
and can be represented as
J - 0% AQ + cy2 (1.10)
In (1.9) the coefficient E is independent of a and made up of two 
parts
E = E1 Aq - E2 (1.11)
all above terms will be defined later.
(13)Fuoss and Bemsv J in their analysis of some experimental data, 
have used equation (1.9) with slight modification which may be written 
as
«
l 3 /,
A. - AQ - S c2 + Eclnc + Jxc - J2c (1.12)
It will be noted that the J2 term is retained in the above equation. 
This term is indeed small, but its retention has been foundP^ to 
reduce a spurious systematic change of ion size with solvent composition.
It should be mentioned that equation (1.9) contains a small 
positive term Jc, linear in concentration, which results from inter-
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ionic collisions^ J and is known as the "osmotic effect". This 
effect is due to the asymmetry in the ionic atmosphere of the reference 
ion; mutual attraction of anions for cations favours the probability 
of mutual collisions over that corresponding to collisions of uncharged 
solute particles, and as a consequence of the asymmetry, the reference 
ion will be struck more often by ions of opposite charge from behind it 
than from in front of it. The result will be a small component of 
velocity in its normal direction of travel.
A more refined treatment of the conductance equation has been 
published in 1965 by Fuoss, Onsager and Skinner^ J in which a higher 
approximation in the Boltzmann-Poisson equation was u s e d ^ ^ . The 
original element in this equation is a built-in association term
A = Aq - S(ca)2 + Eca ln(ca) + Jca - ca fj A
(1.13)
where is the association constant for the formation of ion pairs, 
a is the degree of dissociation of the ion pairs, and f± is the mean 
activity coefficient of the solvated ions. Nevertheless, equation
r i i i(1.13), like the older Fuoss-Onsager equation^ J contains series- 
expanded functions which are truncated at their terms linear in the 
electrolyte concentration c .
Theoretical comparison of th,e conductance theories established
r mby Fuoss-Onsager and Pitts was made by Pitts et al.v J. They pointed
\
out that though both theories were nominally based on the same model 
of a "charged sphere in a continuum", there were differences in 
formulation and procedure, and they criticised the boundary conditions 
used in the Fuoss-Onsager theory. Falkenhagen and Kremp^^ give a
Q51
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new conductance equation of the form (1.12). The coefficients of 
this equation, together with those of Fuoss-Onsager^^ and the Onsager 
limiting law are shown in Table 2; the electrophoretic term S2 in 
the Falkenhagen and Kremp e q u a t i o n i s  written in the form of the 
classical limiting law, which differs from the form given in the 
original article.
fl9)In 1967, Fuoss and Hsia^ J repeated the integrations which led to 
equation (1.9), this time with explicit retention of all of the terms
Vof order c 2. - The equivalent conductance A as a function of concen­
tration is given by the equation
A = (Aq - M)(l + AX/X)/ (1 + 3<j)/2) (1.14)
where AA is the electrophoretic term, AX/X is the relaxation term 
and 4> is the volume fraction of one species of ions. Both AA and 
AX are functions of )ca , where a is the centre-to-centre distance 
at contact of the rigid charged spheres which represent the ions. The
factor (1 + 3<j)/2) is approximated by (4tt Nc/3000) (a/2)3 . A
(19)revised version of the Fuoss-Hsia'* J conductance equation has been 
derived by D ’Aprano^2^  with five main changes. He put the revised 
equation in the form
A = Ao(l + AX/X) - AA (1.15)
It is essential to emphasize that the relaxation term AX/X is the 
Fuoss-Hsia function in which the variable x  a is replaced here by 
gx/2 , g = e2-/DkT ; this change^21  ^ corresponds to using the Bjerrum^28/* 
radius 3/2 as the lower limit in the integration, instead of the 
contact distance a . The electrophoretic term AA , formerly
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(19)approximatedv J by
has been replaced in D ’Aprano's equation by
AA = [bq c3/(1 + t)1 F(t) (1.17)
with t « 3to2 and F(t) explicitly gives the effect of interaction
between relaxation and velocity fields instead of approximating it by 
multiplying the limit value Bq c2 by (1 + AX/X) . Finally, it is 
clear that the volume term in volume fraction has been omitted in 
equation (1.15).
r22 231■ Murphy and Cohen^ J have introduced in 1968 a modification to
the Fuoss-Onsager differential equation by using a different method to
solve the corresponding differential equation, and in doing so they
obtained a corrected value for A2 2^2,23 .^ However, Chen has pointed 
("241ouG J that they, as well as Fuoss and Onsager, have neglected a 
contribution to the conductivity that effects the value of both A2 
and A2 in the original equation. This has led Murphy and Cohen 
to introduce further modification in 1970 in which they gave a corrected 
solution for the nonequilibrium pair distribution function. Also the 
E coefficient was replaced by (Ei AQ - 2 E2), as suggested by 
C a r m a n . Moreover, they have used a higher order expansion for |
the equilibrium pair distribution function so as to extend the \
I
applicability, of their theoiy to non-symmetric solutes, whereas the 
theories described above are restricted to the case of symmetric
i
solutes. The final form of the Murphy-Cohen equation is formulated j
■ . i
as a series in ($X) . The temns are formulated up to c
AA = [B0 ? / ( 1  +^ Caf] (1 + AX/X) (1.16)
-  20 -
A = Aq + (B;c)Ai + (Bx)2ln(Bx)A^ + (B>q2A2 (1.18)
where B - - Z ^  e2/DkT ; JC is the Debye reciprocal length. Ai
and A^ contain terms from relaxation and electrophoresis and A2
contains relaxation, electrophoresis and osmotic terms. All are
(25)defined in the original paper^ J .
A more recent conductance equation which, in addition, takes the 
Chen effect^24  ^ into account, has recently been derived by Fuoss^2^  
and expanded into a series by Justice^2"^ ; it can be expressed as
A = A - Sc* + E'clnc + Jc - J3, N  (1.19)O /2
In this equation, Fuoss and Justice have used the activity coefficient, 
in the form given by Bjerrum^28^.
Regarding the limit of concentration, all the equations described 
above are taken to be valid up to X a  = 0.2 which corresponds to the 
following limiting concentrations
Table 3
(Z+ = Z- = Z)
X concentration mole/1a
nm -1cm • Z=1 Z=2
0.3 0.067 0.041 0.010
1.0- 0.020 0.0037 0.0009
1.4 0.014' 0.0018 0.00045
-  21 -
c and transformed to an equation of the form (1.12) by Femandez-
(29 30) V)Prini and Prue^ * J who neglected terms above c . This has the
advantage of making possible a term-by-term comparison of the two
equations. In the present work these transformed equations will be
referred to as the "modified" forms of the complete equations.
However, some differences may be expected between the complete and
3/
modified forms due to neglect of terms above c 2 in the modified forms.
In the modified forms of both Pitts and Fuoss-Hsia, S, the coefficient
of the limiting law, and E, depend only on the properties of the solvent
and the charge on the ions, and their values are given in Table 2, while
Jj and J2 depend on the same parameters and also on the distance of
closest approach a of ions. These two last coefficients have
different values according to the theory employed. Thus, according
to Fuoss-Hsia treatment the coefficients J , J in the modified form1 2
become 
with
V  = [kab)724<g [1.8147 + 21n(«.§/#) + (2/b3)
(2b2 + 2b - lj] ,
a, = S,S2 + S2(xa/c2) - S2Qxab)/16c2J 
[1.5337 + (4/3b) + 21n(Xa/c2)]
a3 = (b2(Xa)3/24c32][0.6094 + (4.4748/b) + 3.8284/b2j] ,
The equations o f P itts  and Fuoss-Hsia have been expanded in  powers of
-  22 -
a = [S2(kab)2/24c] (j2/b3) (2b2 + 2b - 1) - 1.9384]
•+ SjS2(Xij/c-) + [S2&a)2/3
- [S2 b(Ka)2/16c] [1.5405 + (2.2761/b)]
-  (S2xab/16Aoc2) " 2.2194] ,
and according to Pitts treatment, the coefficients Jx , J2 in the 
mpdified form are given below
' ai = (nab) [ t y a / c b  + 2/b + 1.7718]/12c ,
a2 = S2Xa/c2 + S2X a b [0.01387 - ln(«a/c2)]/8c^ ,
a3 « (j<ab)3[1.2929/b2 + 1.5732/b]/6c32 ,
^  = S2IXa)2/c + 0.23484 S2 b(X.a)2/3c ,
where S:i and S1 are respectively the electrophoretic and relaxation 
coefficients of the limiting law and their values are given in Table 2. 
It should be emphasized that according to the modification by Pitts 
in 1969, the numerical constant 0.23484 in in the modified Pitts 
form is reported to become 0.52772v J. Theoretical comparison 
between the two modified forms can be made through the differences in 
the coefficients Jx and J2 , insofar as they are functions of a and
Aq and are quite independent of concentration. In Table 4, the values
of Jj and J2 are calculated for two model electrolytes in water at
298K. The two models are:
(1) , Uni-univalent electrolyte with Aq = 150 ohm”1 cm2 mole”1 
and a = 0.35 nm, and
-  23 -
(2) Bi-bivalent electrolyte with = 143.56 ohm"*1 
cm2 equiv-1 and a = 1.4 nm.
! ; . M U\ ‘)
(the Aq of Mg dithionate)
Table 4
Coefficient
1-1 Madel 2-2 Model
Pitts Fuoss-Hsia Pitts Fuoss-Hsia
267.7 229.3 21910 19736
449.2 233.4 194819 93704
Table 4 shows th,at there are significant differences in the coefficients 
Jj and J2 for the two modified equations, especially in the J2 
terms, which are almost twice as large from the Pitts equation as from 
that of Fuoss-Hsia.
The conductance equations used in this work for the interpretation 
of experimental data were the complete and modified forms of the Pitts 
and Fuoss-Hsia equations, D'Aprano, Murphy-Cohen and. Falkenhagen-Leist- 
Kelbg equations.
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For the so-called strong acids, the ionic concentration, judged
by conductivity values and using the relation a = AC/AQ , where a
is the degree of dissociation at concentration c, led to values of
the ionisation "constant" Which varied markedly with dilution. This
was one of the "anomalies of strong electrolytes" and many attempts
were made to the circumvent the law of mass action before it was
realised that interionic forces were sufficiently strong to resolve
(32)this anomaly. Ostwald'* J recognised that there was a slight but 
reproducible trend in the values of association constants for ion-pair 
formation with concentration. He suggested that the assumptions of 
constant ionic mobilities might be improved by considering the change 
in the viscosity, of the solutions with concentration. In some cases, 
the trend in association constant could be eliminated over a 
considerable concentration ranggby the use of a = A q/AQ p , where 
T) and qQ are the viscosities of solvent and solution respectively. 
Sherill and Noyes and Maclnnes^^ were the first to perfect the 
method. They evaluated the association constants in dilute solutions 
by employing the limiting law of Debye and Huckel for the mean 
activity coefficients.
Inter ionic effects are, however, not negligible even in the case 
of weak acids. These effects are functions of the ion concentrations 
and are made evident by their effects on the ion activities and on the 
ion mobilities. The effect of interionic attractions as expressed by 
the activity coefficients of ions has been dealt with in the well-known 
papers of Debye and Huckel. The Debye-Huckel theory provides a 
satisfactory interpretation of the thermodynamic properties of very
( i i )  The Conductance o f Incompletely Dissociated Electrolytes
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dilute aqueous solutions of uni-univalent, and of many uni-bivalent 
and bi-univalent, electrolytes. In the case of bi-bivalent electro­
lytes, however, large deviations from the Debye-Huckel fomulae occur 
even at high dilutions. This behaviour can be satisfactorily 
quantitatively explained by postulating ion association of an 
essentially electrostatic and non-specific kind. The concept of ion- 
pairs was introduced by Bjerrum^28 ;^ an equilibrium can be postulated 
between free ions and ion-pairs
which can be represented by the equilibrium constant for ion pair 
formation
In (1.21) is the association constant, a is the degree of
dissociation, c* is the molarity of solute, f+ is the mean ion 
activity coefficient of the free ions at particular concentration c* 
and f is the activity coefficient of the ion pair, which for low 
concentration and for |z+| = |z-| is regarded as unity. If the ion 
interaction is assumed to obey the Debye-Huckel limiting law, then
A is defined by (1.25) and I , the ionic strength, for an aqueous 
solution containing n ionic species of charge z^ and molarity c 
is defined by
(1.20)
free ions ion-pair
lo § io £± " - Alzi zj l  15 (1.22)
H*
*
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1 = i I c l  z|  
‘ 1 1 1
(1.23)
and fo r symmetrical e lectro lytes, I  = c* z2
In the present work, the activity coefficients, except for those 
used in the Murphy-Cohen equation, were calculated by means of the 
extended form of the Debye-Huclcel equation, which also takes into 
account an ion size parameter, a
where
-Alz.z.ll 
loSiof± = ----i-*L-1 + Ba I2
2ttN
1000
e3 k"-3/
2.303 (DT) /z
1.8246 x 106
(DT) %
(1.24)
(1.25)
and
B = 8ttN e2)1 _1000k j
50.29 x IQ8 
(DT) 2
(1.26)
f25lwhile for the Murphy-Cohen ^ J conductance equation, the activity
coefficients were calculated by using an expression derived by the
same authors. The expression was obtained by a cluster expansion of
f351the partition function ..for the Mayer ^ J primitive model but by dropping 
terms of higher order than (Bx)2 from Mayer’s expression. The 
-formula for the mean ion activity coefficient can be expressed as
In f± = fj(B^ + f^(Bx)2 ln(BX) + f2(B*)2 +
(1.27)
where
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where
f 2 = tei + e2)2/6e, e2 . ,
£, ■ - 1  ,
e1 and e2 are the charges on the cation, and anion, respectively. 
For symmetrical electrolytes when ex « - e2 , the above term becomes 
equal to zero, while f2 is given by the following expression
T (ei + e2)2(0.57721 - ln(b/3) + 0.25)
+ (e e2/3ba) + (e e2/2b) - \
n=3
(b/ej e2) 
(n+1) ! (n-2)
11-2 n _ n-
e i 2
fel - e2J
(e2 e2)_I (1.28)
with b = - e1 e2/Ik  a T .
All electrolytes are partially associated, or weak, in media of low 
dielectric constant, and classification of electrolytes into strong and 
weak electrolytes becomes somewhat arbitrary. So, it is more 
convenient to deal with the classification of Fuoss1 
properties of electrolytes.
for the
Those substances which in the pure state already exist as ionic 
crystals are known as "ionophores", e.g. the alkali metal halides.
These substances contain no neutral molecules which can dissociate 
and the equilibrium between free, and associated ions may be represented 
by equation (1.20).
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On the other hand, substances such as acetic acid which do exist 
as neutral molecules in the pure form are known as "ionogens", and 
can produce ions, by a dissociation process to give conducting solutions 
in certain solvents. The primary act here is one of reaction of the 
neutral molecules with the,solvent, forming a molecular complex which 
rearranges to an ion pair. This ion pair finally dissociates into 
free ions
H O
+  -  +  -HA — H _ A -^ H + A fl.29)  aq aq —  aq aq J
neutral - .
molecule lon pair £ree lons
Since the concentration of these ions in the solution is modified from 
stoichiometric (c) to ionic (ac), the theoretical conductance function 
will be changed from
A »' f(c; Aq, a, z) '(1.30)
to
A = af(ac; • Aq, a, z) (1.31)
The three parameters (or a), a and Aq are mostly used in the
present work to deal with the interpretation of the experimental 
conductance data.
Soon after Debye and Huckel proposed their theory, Bjerrun/28 ,^
who realised the mathematical difficulties which would accompany the
complete solution of the Poisson-Boltzmann equation as developed by
(12)Gronwall, LaMer and Sandved^ J, suggested a much simpler improvement. 
Bjerrum developed the ion pair concept by postulating the presence of 
species held together by electrostatic forces and therefore not con-
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tributing fully to the non-ideal free-energy term owing to electro­
static interactions. The ions are taken to be rigid unpolarizable 
spheres contained in a medium of fixed macroscopic dielectric constant. 
Non-polar quantum bonds between ions as well as ion-solvent inter­
actions are excluded. From a physical point of view, the Bjerrum 
assumption can be paraphrased by stating that when the two opposite 
ions become close together, their mutual potential energy |z1z2|e2/rD 
becomes large with respect to the thermal energy of the molecules of 
the solvent, which is proportional to the quantity kT . Such 
assumptions led Bjerrum to derive an expression for
■a
.
rc
KA “ 4ir N r2 dr . exp(\ z g 2|e2/rDkT) (1.32)
where in Bjerrum’s symbolism, a denotes the boundary conditions 
separating free ions and ion pairs, which is identical with d parameter
of Prue^^ in the present work, and rc is the separation of a contact
ion-pair. Under these conditions, r lies in the range. rc < r ^  a 
for ion-pair formation. If, at a particular distance q , the 
potential energy is twice the thermal energy, i.e. |z1z2|e2/Dq = 2kT , 
as assumed by Bjerrum, then
q = |z1z2|e2/2DkT (1.33)
The quantity q is the distance corresponding to the minimum concen­
tration in the population of ions of type j (opposite sign to i) 
around i, i.e. the distribution curve for such a system showed a
minimum at r=q . For water at T = 298 K and uni-univalent (1-1)
electrolytes q * 0.36 nm; for a polyvalent electrolyte 
q = | zxz2 | 0.36 nm. One of the intriguing aspects of the Bjerrum
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theoiy was that the probability function diverges for r > q .
Bjerrum arbitrarily cut the integral of the probability function at
r = q , introducing an element of ambiguity and numerical arbitrariness
(37)into the theory. Fuoss^ J , in his first theory, derived a function 
that could be integrated, giving an integral numerically equal to 
unity. For the purpose, in 1958 Fuoss redefined as ion pairs only 
those ions in physical contact or, iri other words, separated by the 
distance a , the minimum approach distance according to Denison and 
Ramsey . '
The distance a , in Fuoss1s first theory, corresponds to rc in 
equation (1.32). In the remainder of the present work, a will be 
taken as the parameter defining the average distance of approach of 
the ions, adjustable to give the best fit between experimental and 
calculated conductances; the same parameter will be used in calculating 
activity coefficients.
The following model was assumed. The solvent was taken as a
continuum with dielectric constant D , and the ions as rigid spheres.
The solvent was thought to be pushed out from between the ions upon
pairing because of the high field of two ions approaching each other.
(39)From this concept Fuoss^ J developed his second theory in 1958 and 
the expression for was derived by a statistical method introduced 
by Boltzmann
KA = i E i l c  . exp(|z1z2|e2/DrckT) (1.34)
with the assumption that a = 4r 7 3  h  In Figure 1.1, the calculated 
association constants from the Bjerrum and Fuoss theories are plotted 
as a function of a for a 2-2 electrolyte in water at 298 K. It
Im
ol
e
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COMPARISON OF BJERRUM AND FUOSS THEORIES FOR 
K a AND FOR 2-2 ELECTROLYTE IN WATER AT 298 K
FIGURE 1.1
S  n m
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can be seen that, while the Bjerram association constant goes to zero 
for a = q , the Fuoss value diverges from a minimum.
Eigen and Tamm^4^  suggested another approach for the equilibrium 
between free ions and ion-pairs. From the experimental results of 
sound absorption of 2-2 electrolytes, they proposed the concept of 
outer- and inner-sphere ion-pairs. In the outer-sphere pairs one, or 
at most two, solvent molecules are interposed between the interacting 
ions, while in the inner-sphere case the ions are adjacent to one 
another. The mechanism consists of a gradual susbsitution of the 
solvent molecules in the different co-ordination shells of the metal 
ions, involving various effects such as ion-dipole interaction, dipole- 
dipole interaction, field stabilization of the ligands and stereo- 
specific effects. Such a mechanism leads to the hypothesis of a 
number of different ion-pair species in equilibrium, none of which 
contribute to the conductance
M2+ + S2~ — z* M2+(H 0) S2"— ^ M2+(H 0)S2‘ — ^ M2+S2“ aq aqN K 2 ^ K 2 J %—
Free ions Intermediate solvated ion-pair Contact
ion-pair
(1.35)
In this case, the sum of the ionic radii plus the diameter of solvent 
molecules is considered to be the upper limit for a .
The three models described above provide different values for a . 
Thus, for the particular case of di-divalent electrolyte, the Bjerrum 
critical distance q is 1.43 nm, the Eigen value is approximately 
1.0 nm, and the centre-to-centre distance of the contact ion-pair is 
of the order of 0.4 nm. It is obvious that there is a considerable 
latitude of choice in the value of the a parameter, particularly for 
2-2 electrolyte.
-  33 -
In the present work, the effect of the choice of a. parameter upon 
the interpretation of conductance data has been investigated 
theoretically for a number of conductance equations. For a values in 
the range^ *2 - 1.4 nm with Aq - 143.56 ohm-1 cm2 equiv"1, the equivalent 
conductances were calculated using the complete and modified forms of 
the Pitts and Fuoss-Hsia equations, D ’Aprano, Murphy-Cohen and 
Falkenhagen-Leist-Kelbg equations. Tie equivalent conductances were
—  Ifcalculated for two concentrations = 10 M (giving Aq qqq^ va^ues) 311(1
10"3 M  (giving Jl0_001 values). Then AA (= ^q q o o I - Aj.OOl? was 
plotted against a, assuming complete dissociation for the chosen model 
electrolyte. The results are shown in Figure 1.2. It should be 
mentioned here that the results for the complete Fuoss-Hsia equation 
have been omitted because they were so close to those of the modified 
form. In general, an increase in a will decrease AA and so increase 
A values for a given Aq at a certain concentration. This trend 
was not indicated by the Murphy-Cohen equation below a = 0.8 nm. .
The values of A calculated by the Falkenhagen-Leist-Kelbg equation 
become , very close to those of the modified form of Pitts equation for 
a greater than about 1.0 nm.
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FIGURE 1.2 
VARIATION OF ^  A WITH a FOR VARIOUS 
CONDUCTANCE EQUATIONS
a  nm
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PART I 
SECTION 2
HIGH-FREQUENCY CONDUCTANCE
- 36 -
Hie Theory of High Frequency Conductance
The dependence of conductivity upon frequency was predicted by 
Debye and F a l k e n h a g e n o n  the basis of their electrostatic theory. 
They pointed out that as a necessary consequence of the postulated 
existence about any central ion of an ionic atmosphere with a finite
time of relaxation, there must result an electrical conductance which
/
is dependent upon the frequency of the field which used to measure it. 
If an alternating field is applied, each ion in the solution will 
acquire a periodic motion and the ionic atmosphere becomes asymmetric 
because of the perturbing field; if this field is removed, the 
atmosphere will revert to its original spherical symmetry. This 
reverse change will require a finite time which was referred to in the 
last section as "the time of relaxation" of the atmosphere, ©  .
Again, according to the interionic-attraction theory of Debye and 
f l)Huckel^ J the distribution of ions in an electrolyte solution is not 
entirely random.' As a result of the coulombic forces which act 
between pairs of ions, the presence of an ion at a given point in the 
solution will affect the distribution in space of the other ions in 
its vicinity, so if as explained previously, a unidirectional external 
field is applied, the ion atmosphere loses its spherical symmetry, 
resulting in a density of charge smaller than previously in front of 
the moving central ion, and larger behind the ion.
Thus, a net force (the relaxation force) now exists, opposing 
the motion of the central ion.
Now suppose the electrolyte to be in an alternating field. Each 
ion then executes periodic to and fro motion. For small frequencies
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the symmetry of the charge distribution in the ion atmosphere will at 
any moment correspond to the instantaneous position of the ion.
If, however, the frequency is so great that the time of an
oscillation is comparable to (or even less than) the time of relaxation,
practically no asymmetry will be set up in the charge distribution.
The relaxation force thus decreases with increasing frequency of the
field, and since this force opposes the movement of the ion, it is
evident that an increase in mobility of the ion, and hence in
conductance, will occur at frequencies where the relaxation force begins 
(41)to diminishv J .
In other words, an increase or (dispersion) of conductance can be 
expected for electrolytes at radial frequencies to of the order
where f is the field frequency in hertz.
The mobility of the central ion will increase until the frequency 
is sufficiently high for the disymmetry of the ionic atmosphere to 
disappear entirely.
The relaxation time, as an important term, was first predicted 
by Debye and Fall-cenhagen^^ who derived an expression for aqueous 
solutions of salts at 298 K
to. = 2nf = 1/0 (1.36)
e . - lziz2l 15.34 x l(f8 'I----------  •  TTvZ----- . —  secs (1.37)
q, Lj and L2 are defined by both (1.46) and (1.47).
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For symmetrical electrolytes the order of magnitude of the time 
of relaxation 0 is given by
with c is the equivalent concentration.
The following Table gives the numerical values of relaxation 
times and the corresponding frequencies for some electrolytes of
— 3different valency types in water and for a concentration of 10
* -i - 1equiv.l .
Table 5
T = 298 K c = 10”3 equiv.l”1
Electrolyte
Valency
type
Z1 Z2
Time of 
relaxation (x 107) 
. . seconds .
Corresponding 
frequency 
(MHz) .
KQ 1-1 0.459 21.8
MgCl2 2-1 0.537 18.6
MgSO, 2-2 0.523 19.1
LaCl 3 3-1 0.477 21.0
KlfFe(CN)6 1-4 . 0.377 26.5
LaFe(CN)6 3-3 0.411 24.3
Ca2Fe(CN)6 2-4 0.113 88.1
The results of the calculations of Debye and Huckel ^  and of Onsager^ 
for the molar conductance of a solution at zero, or very.low frequency 
may be expressed in the form
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(1.39)
Here A* is the molar conductance of the solution at a finite 
concentration, A* is the molar conductance at infinite dilution, 
AJq is the electrical force of relaxation expressed in conductance 
units, and AJj is the electrophoretic force, again expressed in 
conductance units.
The molar conductance of an electrolyte solution of finite 
concentration A* , as a function of the measuring frequency w , 
according to the theory of Debye and Falkenhagen^-4^ , may be written 
in similar fashion as
in which, at zero frequency, AJ^ = A|q .
The expression for the electrical force of relaxation as a function 
of frequency, AT , is
|z (1.40)
where
(1.41)
and
x(w, e, q)
(1-1/q)2 + o)202
I q F l -  l /q )  (R -  1 /q b  + weoj
= real part o f y (1.42)
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In  the expression fo r x (“ > 9>q)
R = 1//2 (1 + u2e2)2 + 1 3 (1.43)
Q ■- 1//2 (1 + U2e2)2 - 1 2 (1.44)
In the above formulae
0 = 0(c*, D, A*) , (1.4S)
and
q " qCZj. z2, Lj. L2) • (1.46)
The quantities c*, D, z and L refer to molar concentration, 
dielectric constant of solvent, and valence and mobility of the ions, 
respectively. . The subscripts refer to the kinds of ions. Thus, 
the theory enables one to predict the effect of ion concentration, 
solvent, temperature, and electrolyte upon the dispersion of 
conductance. Explicitly
q =
(L1|z2| .+ L2|z 1|)(|z 1z2|)
O i l  + lZ2 D ( Ll Z2 + L2ZP
(1.47)
1/2 for z, - z 1 2
and 0 is defined by equation (1.37).
If in equation (1.7). the frequency of the alternating field 
becomes zero, the molar conductivity (in practical units) for a 
stationary field, treated by Debye-Huckel-Onsager, may be considered
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to be a particular case of the general problem as in (1.39). Thus, 
when 0 = 0 , x(co, G, q) simplifies to
X ( w ,  0, q) =  t o -  (1.48)
1 + q5
and
z 1z2 |e 2X .A *
1 + qiA!o)=0 " 3DkT ° * 7  f “ I AI0 O-49)
Nothing that has been said leads to the expectation of any change in
the magnitude of the electrophoretic force, A* and in treating the
11problem mathematically the assumption is made that this force is 
independent of the frequency of the applied field.
,* _ d z i l  + Iz2 I)f 2x
II " 6tt n N CL. 5°)
where F is the Faraday constant and r\ is the viscosity of the 
solvent.
Thus at extremely high frequencies the disymmetry of the ionic 
atmosphere has disappeared entirely, , and the molar conductance
approaches the limiting value
A* = A* - A*x * (1.51)
The percentage increase in conductance AA%, or the "dispersion" 
of conductance, is given by
A* -  A*
m  = ,-t  1(0=0 i o n  (1 . 5 2 )
I(o=0
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The effect of concentration, temperature, dielectric constant, and 
valency of the ions was theoretically examined by Falkenhagen and 
Williams , and F a l k e n h a g e n .
The above theory of Debye and Falkenhagen^-4^  considered the
ions as point charges. Attempt has been made by Falkenhagen-Leis t- 
C5)Kelbgv J to develop the conductance theory further by considering the 
effect of finite ionic size, as an a-parameter, in their high- 
frequency conductance formulae (the term high-frequency means any 
frequency of which the dispersion of conductance becomes apparent - 
practically, this is greater than about 105 Hz). Both the relaxation 
and electrophoretic terms are modified in Falkenhagen-Leist-Kelbg^ 
equation which is formulated as (1.7)
A* Z1Z2le X '
IU 3DCT ' [C l-q)2 + q W j [ x a C l +* J
exp (Va(l - /q)R] gl-q) cos (X a Q q2)
_+ qu>0 sin(Xa Q /qg - (1-q) (1.53)
(Izil + |z2|)F2 w  . ..
AII 6ir n N ‘ 1 + a (1.543
It is clear that the simpler Debye-Falkenhagen terms (1.40) and (1.50) 
can be re-obtained if a in (1.53) and (1.54) is set equal to zero. 
The following Table illustrates the effect of high-frequency field on 
conductance.
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Table 6
High Frequency Conductances for Solutions of Potassium 
chloride in water at 298 K
Aq = 149.92 a = 0.314 nm
10 4 cone. 
(mole ir1)
Frequency (MHz)
0.001 1 5 10 30 50
1 148.99 149.08 149.20 149.24 149.28 149.29
2 148.61 148.67 148.83 148.90 148.90 149.00
4 148.08 148.11 148.28 148.39 148.53 148.58
8 147.33 147.34 147.49 147.62 147.85 147.94
12 146.76 146.77 146.88 147.02 147.30 147.43
16 146.29 146.30 146.38 146.51 146.83 146.98
20 145.88 145.88 145.95 146.07 146.41 146.58
Equivalent conductances in Table 6 are calculated from the Falkenhagen- 
Leist-Kelbg^ equation with the value of Aq = 149.92 ohm-1 cm2 equiv."1 
found by Davies , and with an a-parameter value of 0.314 n m ^ ^  , 
which is the sum of the crystallographic radii.
The theory of Falkenhagen-Leist-Kelbg^ is one of the very few * 
conductance theories which treat the stationary (w=0) condition as a 
special case of alternating field conductance. It has been used 
thrcjghout the present work for the-calculation of high-frequency 
conductance. The possibility of extending other stationary field 
conductance theories to frequency dependence seems to be a very 
difficult task. However, the above theory deals only with the
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atmosphere relaxation effects, in which conductance dispersion at 
high frequencies depends on the mobilities of the ions resulting 
from the forces between them, and the behaviour of electrolytes, as 
will be shown later, cannot always be explained in terms of this 
theory; the ion-pairs are assumed non-conducting at all frequencies.
The effect of an alternating field on the equilibrium
+Ai + %  (1-55> 
ion-pair 2 r * r free ions
was first considered theoretically by Pearson ^4^  who predicted that, 
in solutions of weak electrolytes, due to relaxation of the ionisation 
equilibrium, a measurable increase in conductance should occur at high 
frequencies. The theory depends on the relaxation of the "Second Wien 
Effect" or "Dissociation Field Effect" in the presence of radio 
frequency fields. Previously, Onsager^4^  had shown theoretically 
that such an equilibrium (1.55) will be perturbed, shifted to the right 
in the presence of an electric field. Wien and Shiele^48  ^ and 
Patterson et al.^49-^ obtained experimental evidence for such a shift, 
the "Second Wien Effect", in very high fields.
The dissociation field effect has only been observed at very high 
field strength where variations of the frequency are difficult, but 
Pearson ^4^  has shown that an equilibrium relaxation effect should 
operate even at very low field strengths when the frequency of the 
applied field" is of the order of 1/t , where t is the relaxation 
time for the system. The magnitude of this effect is expected to 
become significant at about the same frequencies as those due to the 
Debye-Falkenhagen effect and can be expressed as a relative increase
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AIo) Alar=0 _ 2(l-g) 128 z2 e2 q2 N c a ro2 8
AIwO t t z - a j  9000 uD](T(i + 4u2/k2)K
where
K = Ckx + 2k2 c a) (1.57)
k2 is the rate constant for ion pair dissociation and k2 is the 
rate constant for ion recombination in (1.55), a is the degree of 
dissociation and ac the ionic concentration, and q is the Bjerrum 
distance which is defined by (1.33). The other symbols are as defined 
before.
(47)Referring to Onsager fsv J expression for the distribution function 
of ion pairs in an external field, Gilkerson^^ recalculated the 
Pearson effect and included the energy dissipated in actually 
transporting the ions from the original to the completely dissociated 
state; he introduced a distance parameter, s_ , which is the average 
distance of separation the ion attains from its position in an ion-
pair. The final result can be formulated as a relative increase in
conductance
AIo) AI(D=0 _ 2(l-a) * 2tt z2 e2 q 1  N c a ni2 8
AI(dO  (2“a) 3000 kDT (1 + a)2/K2)K
(1.58)
The comparison between the above theories of Pearson and Gilkerson was
(51)carried out experimentally by Nanney and Gilkersonv J for solutions 
of tetra-n-butylammonium picrate in 50 mole % 0-dichiorobenzene-
in  conductance
(1.56)
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benzene, and in chlorobenzene, at 298 K as a function of frequency 
from 1 to 100 KHz. The increase in conductance with increasing 
frequency was observed; the magnitude of the effect was found by the 
authors to fit the Gilkerson^8^  treatment better than the Pearson^4^  
theory.
-  47 -
(ii) Experimental Evidence for the Dependence of Conductivity 
on High-Frequency Field
The variation in the conductivity of electrolyte solutions with
the electric field strength was demonstrated experimentally by Wien^-82^
in 1927, when he announced the important generalization that the
conductivities of electrolytic solutions always increase with increase
in electrical field strength. He showed that this increase was a
function of the concentration, the valence and the specific nature of
the solution. Furthermore, the equivalent conductance of strong
electrolytes seems to approach a constant limiting value asymptotically
in very intense fields. The quantitative theory of the Wien-effect
was worked out by Joos and Blumentritt^-88  ^ shortly after its experimental
discovery. It is observed that for strong-electrolytes excellent
agreement between the theory and experiments exists. In solutions
containing weak electrolytes^-48^, the relative increase in conductance
observed with the field strength was many times greater than for strong
( 5 4 )electrolytes. Gemant^ J observed a similar effect in solvents with 
very low dielectric constants (D « 3). Wien correctly interpreted 
this behaviour by suggesting that the field increased the dissociation 
of these electrolytes. The enhanced conductance of the electrolytes 
in alternating fields of very high frequency, which was discussed in 
the last section, has been demonstrated by Sack^ -88-^, who was the first 
to obtain sufficiently accurate data at high frequencies. Debye and 
Falkenhagen had developed the quantitative theory of the frequency 
effect prior to its experimental demonstration. The dependence of 
the dispersion effect upon the frequency is qualitatively exactly the 
same as the dependence of the Wien-effect upon the field strength.
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The Wien-effect is characterised by the quantity
A- - A 
AAe = ~ ---- - x 100 (1.59)
where Aq and A^  are the s p e c if ic  con d u ctiv ities for  very small 
f ie ld s  and for  high f ie ld  strength , resp ec tiv e ly . Tie corresponding 
quantity for the d ispersion  e f fe c t  i s  given by (1.52) . Table 7 contains
Table 7
E = 106 v o lt  m- l v 55 108 hertz
Electrolyte
Valency
type
. z i V
100 AAC E 100 AAt Iw
K2S°„ 1-2 0.16 2 .3
BaCl2 2-1 0.16 3 .0
LaCl, 3-1 0.33 4.4
K3Fe(CN)6 1-3
*
0.42 5.1
K,Fe(CN)6 1-4 0.75 6.0
CuSO 2-2 1.24 10.5
A12(S 0 ,)3 2-3 1.90 18.0
Ca2Fe(CN)6 2-4 3.10 29.0
8
the values o f  AAjw corresponding to a frequency o f  10 h er tz , together  
w ith the values o f  AA^  (E = 104 volts/cm ) for  some e le c tr o ly te s . I t
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is seen that there is a close connection between the Wien-effect and 
the dispersion effect.
The ordinaiy bridge methods such as are used for the deter­
mination of resistance and capacity at audio frequencies are not 
generally satisfactory at the higher radio frequencies. At such high 
frequencies the inductance and capacitance of standard resistance 
coils become important, changes in the position of the contact on a 
slide wire produce changes in the ratio of such inductances and 
capacities in an unknown way, and the arrangement and length of the 
lead wires can also change the point of balance. From time to time,
methods to avoid this problem have been proposed; the most important 
were proposed by Sack^55  ^ (resonance circuit with a spark gap), Zahn^^ 
(oscillatory current in an alternating magnetic field), Deubner^7^
(Null method), Wien (resonance circuit with a valve transmitter),
(59)and Malsch J (calorimetrie method).
The above methods were restricted to one or two concentrations 
and often to one frequency, because of the very difficult nature of 
high-frequency techniques.' Later, a method was described by.Arnold 
and Williams which serves for the simultaneous observation of 
electrical conductance and dielectric Constant of very dilute electrolyte 
solutions of as many different valency types as possible at high 
frequencies . The results of these experiments have been compared with 
the requirements of the dispersion theory; the dispersion is found to 
increase with the valency product of the ions and with the frequency.
Gartner tested the Debye-Falkenhagen^^ theory for non- 
aqueous solutions, and Schmidt and Erkkila^2-^ measured the high 
frequency conductance of colloidal electrolytes and found that the
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increase is much greater than for crystalloid solutions. Good 
agreement between theory and experiments has also been observed by - 
Williams and Arnold^8  ^, Falkenhagen and Fleisher^4  ^ and Spaght^8^.
The theory of Debye and Falkenhagenalso requires that the 
dielectric constant excess of the solution over that of the solvent 
will decrease with increasing frequency of the alternating fields and 
predicts a change in dielectric constant with the concentration at 
zero frequency.
Dco=0 " Do S(D) 7c* (1*60)
with D^_q is the dielectric constant at zero frequency, DQ is the 
solvent dielectric constant and the coefficient has been
evaluated for a number of electrolytes^-48 .^ The change in dielectric 
constant with frequency is illustrated in Table 8 for some electrolytes
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Table 8
Change of Dielectric Constant of some Electrolytes 
solutions with frequency
Electrolyte
10 c/gm-imole 1. D n - D u)=0 o
D . - D00 0
1.7 MHz
D - DOO 0
20 MHz
BaCL2 5.60 0.260 0.246 0.068
MgS0„ 6.64 0.752 0.715 0.206
7.74 0.824 0.795 0.268
La(I03)3 4.45 0.499 0.468 0.067
Ce(SO^)3 3.66 1.574 1.556 0.796
pr2CSO„)3 3.66 1.571 1.552 0.789
Co (n h 3)6c i3 2.53 0.346 0.321 0.079
The dielectric constant changes have a negligible effect on the
interpretation of conductances with regard to the conditions of
concentration and frequency employed in this work, and it has been
assumed that the bulk dielectric constant of the solvent in which the
ions are present remains constant, independent of the ionic strength
of the solution. The effect of ion-association, which was neglected
in the original theory and in most of the early investigations, is
shown in Table 9 for the 2-2 magnesium oxalate solutions. In this
table, dispersions in conductance have been evaluated at the frequencies
1, 5, 10 and 50 MHz using the Falkenhagen-Leist-Kelbg equation with a 
*•* 1 “ 1A* of 254.36 ohm cm2 mole and an a-parameter of 1.428 nm by 
assuming (a) complete dissociation (K^ = 0) and (b) an association
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Table 9
Change of Dispersion in Conductance of Magnesium 
Oxalate Solutions with Concentration and Frequency
A* := 254.36 ohm-1 2cm mole 1 a = 1.428 nm
................ Frequency (MHz)
104 c/gm 1 5 10 50
mole 1 1 ka ka . ka ka
0 2660 0 2660 0 2660 0 2660
1 0.29 0.32 0.93 0.91 1.18 1.12 1.55 1.44
2 0.16 0.21 0.93 0.95 1.33 1.28 2.03 1.82
4 0,07’ 0.12 0.76 0.88 1.34 1.36 2.56 2.23
6 0.04 0.08 ! 0.60 0.80 : 1.23 1.35 2.85 2.46
8 0.03 0.06 0.47 0.73 1.11 1.32 3.04 2.62
10 0.02 0.05 0.38 0.66 0.99 1.29 3.15 2.74
constant, of 2660 1. mole 1 which was assumed independent of 
frequency. It is clear that ion association has an effect on 
dispersion of conductance.
Since the appearance of a quantitative theory* describing the 
dispersion of electrical conductance of dilute solutions of strong 
electrolytes there have been published the. results of a number of 
experimental researches intended to test the validity of the theory.
Reference may be made to the more recent and important contribution
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in this field by R a n e e a n d  Pengilly^7^. They investigated salts 
(CuS04, MgSO^, MnSO^) where the maximum association constant, , 
was not more than 250. Referring to the fact that the change of 
conductance with frequency is greater the "weaker" the electrolyte, it 
has been our plan to make a more systematic investigation in dilute 
aqueous solutions of weak and moderately weak electrolytes, than has 
hitherto been attempted. Thus, we considered the case of association 
constants greater than 2000, and for this purpose have chosen magnesium 
and manganese oxalates and acetic acid. We have sought to interpret 
the change of conductance with frequency in terms of the three parameters 
a, Aq and for the evaluation of the experimental data.
It was suggested by Atkinson and his co-workers(68,69) ^  1960's 
that there is no association if the charge on an anion is distributed, 
as in meta-benzene disulphonates (BDS). The authors speculated that if 
the -2 charge on an anion like sulphate could be split up into two -1 
charges separated by an inert framework, then the short-range inter­
actions would be decreased while maintaining the long-range properties 
of a divalent ion. These findings of Atkinson and his co-workers were 
not confirmed by Pengilly^7  ^ in his investigations of such salts in 
1972. He found'that the association constant for both MgBDS and MnBDS 
is approximately 50. On the same principle, it was suggested by 
Prue^ -7^  that the charge would be partially distributed over the ring 
in disulphonates, and that the dithionates might provide a clear case, 
and show less ion pairing. So in the present work the conductances of 
aqueous solutions of barium, magnesium and manganese dithionates have 
been measured at 1 KHz (audio-frequency) and within the radio-frequency 
range (1-50 MHz). Finally, the comparison between the complete and 
modified foims of the Pitts and Fuoss-Hsia equations, and those of
D ’Aprano and Murphy-Cohen was made through the analysis of the audio­
frequency data, in terms of the three parameters a , AQ and .
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PART II 
SECTION 1
INSTRUMENTS AND APPARATUS
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The conductance measurements of aqueous solutions of electrolytes 
in the present work were made using three types of conductance bridge.
For audio-frequency (AF) measurements (made at 1 KHz), a modified 
Wheatstone bridge was used, while the conductances at radio-frequency 
(RF) were determined with the aid of two transformer ratio-aim bridges; 
one is intended primarily for the frequency range 0.1 - 5 MHz, and the 
other can be operated at any frequency between 1 and 100 MHz.
(i) Audio-Frequency Instruments
The measurements of the AF conductance were carried out by using a
conventional Wheatstone bridge. The essentials of the bridge are shown
diagramatically in Figure 2,1; the circuit is essentially the one 
f711proposed by Davies^ J for conductance work. The bridge consisted of a 
slide wire, MM, of low temperature coefficient of resistance, modified 
for increased precision, stretched over a meter rule and was calibrated 
so that the resistance of each part is known as compared with the 
resistance of the whole. The moveable contact, S, together with the 
wire, MM, was obtained as a slide wire detector unit from Messrs. Griffin 
and George. Each end of the bridge wire was connected to a non­
reactive 100 ohm resistor, vl and r2. The bridge wire itself had a 
resistance of 2 ohms, the whole arrangement being equivalent to a wire 
of length 101 m, which means that each mm of the wire had 1/101,000 of 
the resistance of the whole. The position of the balance point S 
when resting on the bridge could be read to 0.5 mm.
The bridge wire was connected to one non-reactive resistance R 
which is a five-decade Sullivan box (type A-C-1013) of total resistance 
11,111 ohms in steps of 0.1, 1, 10, 100 and 1000 ohms. The resistance
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FIGURE 2.1 
BLOCK DIAGRAM OF WHEATSTONE 
BRIDGE CIRCUIT
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R was in parallel with an adjustable capacitor, C , having a 
capicitance range of 1 yF to 1 pF. Both R and C were standardised 
by the National Physical Laboratory. The remaining arm of the bridge 
was connected to the conductance cell which could be interchanged with 
the resistance R with respect to the bridge wire; this interchange 
gave two positions of null point which were not equivalent since the 
values of r 1 and r2 were not identical. In setting the bridge, 
both resistance R and capacitor C were adjusted, in both positions, 
until clearly defined null points were obtained at S . Practically, 
the arithmetic mean of two or more measurements was taken as the correct 
bridge setting.
The bridge could be "shorted" by shorting out one of the 100 ohm 
resistors. Such technique was used for measuring the very high 
resistances of the cell containing conductivity water. An accuracy of 
about 0.2% could be attained as the centre point of the bridge wire then 
corresponded to a ratio of about 1 S 101 for the resistance R to 
that of the unknown.
A variable audio-frequency oscillator was used as the bridge 
source. This oscillator (Famell Instruments type LFM2) had a 
frequency range of (1-106 Hz) but was usually used at. 1 KHz and was 
situated some way from the bridge to reduce pick-up of stray signals 
by the bridge network. Screened cables were used to connect the 
source to the bridge. No change in resistance was detected as the 
symmetry of the bridge with respect to earth was checked, by reversing 
the oscillator leads.
A tuned amplifier and null detector (G.R. type 1232-A) was used 
as the bridge detector. The gain of the detector was progressively 
increased as the balance point was approached. The other connections
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o f  t h e  b r i d g e  w e r e  m ade o f  t h i c k  c o p p e r  w i r e  an d  t h e i r  r e s i s t a n c e  w a s  
m e a s u r e d  d i r e c t l y  b y  f i l l i n g  t h e  c o n d u c t a n c e  c e l l  w i t h  m e r c u r y .  A n  
a c c u r a c y  o f  a b o u t  0 .03%  w a s a c h i e v e d  f r o m  t h e  a b o v e - d e s c r i b e d  W h eat­
s t o n e  b r i d g e .  T h e w h o le  b r i d g e  i s  sh o w n  i n  P l a t e  I .
C a l i b r a t i o n  o f  t h e  B r id g e
T h e  W h e a ts to n e  b r i d g e  w a s  c a l i b r a t e d ,  f o r  b o t h  lo w  a n d  h i g h  
r e s i s t a n c e s ,  b y  m ean s o f  D a v i e s ' s  m e th o d  ^ 7 1  ^ ; a n  N .P .L .  s t a n d a r d i s e d  
r e s i s t a n c e  b o x  w a s  c o n n e c t e d  i n  t h e  p l a c e  o f  t h e  c o n d u c t a n c e  c e l l .
F o r  l o w - r e s i s t a n c e  c a l i b r a t i o n s ,  s e t t i n g  t h i s  r e s i s t a n c e  a t  1 0 0 0  o h m s,  
d i f f e r e n t  b a l a n c e  p o s i t i o n s  o f  t h e  m o v e a b le  c o n t a c t ,  S , w e r e  o b t a i n e d  
f o r  d i f f e r e n t  r e s i s t a n c e s  R , c o r r e s p o n d in g  t o  t h e  r a t i o  o f  R /1 0 0 0 .  
T h u s ,  t h e  r a t i o  - c o r r e s p o n d in g  t o  a n y  b r i d g e  r e a d i n g  c a n  b e  i n t e r p o l a t e d  
fr o m  a  p l o t  o f  R /1 0 0 0  v s .  t h e  b r i d g e  r e a d i n g .  T h is  w a s  r e p e a t e d  
s e v e r a l  t im e s  d u r in g  t h e  p r e s e n t  w o r k ;  c o i n c i d e n t  s t r a i g h t - l i n e  p l o t s  
w e r e  a lw a y s  o b t a i n e d .  T h is  c a l i b r a t i o n  w a s c a r r i e d  o u t  f o r  lo w  
r e s i s t a n c e s .
B y  s h o r t i n g  o u t  r x ,  t h e  b r i d g e  w a s  c a l i b r a t e d  f o r  v e r y  h i g h  
r e s i s t a n c e s  b y  p l o t t i n g  a  g r a p h  o f  b r i d g e  r e a d i n g s  v s .  t h e  r a t i o s  o f  
r e s i s t a n c e  b o x  r e a d i n g  t o  1000  ohm .
( i i )  R a d io - F r e q u e n c y  C o n d u c ta n c e  A p p a r a tu s
Two W a y n e-K er r  t r a n s f o r m e r  r a t i o - a r m  a d m it t a n c e  b r i d g e s  w e r e  u s e d
i n  t h e  p r e s e n t  w o r k :  t y p e  B 2 0 1 ,  u s e d  i n  t h e  f r e q u e n c y  r a n g e  1 0 0  KHz t o
5 MHz, a n d  t y p e  B 8 0 1 , u s e d  f o r  f r e q u e n c i e s  i n  t h e  r a n g e  ( 1 0 - 1 0 0  M H z).
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T h e t h e o r y  a n d  d e s i g n  o f  s u c h  b r i d g e s  h a v e  b e e n  d i s c u s s e d  f u l l y  b y  
( 7 2 )
C a l v e r t v J a n d  n o  c i r c u i t  d e t a i l s  w i l l  b e  g i v e n  h e r e .
A  common l i m i t a t i o n  i n  t h e  d e s i g n  o f  b r i d g e s  i n  t h e  f r e q u e n c y  r a n g e
c o v e r e d  b y  t h e  B 201 a n d  B 8 0 1  i s  t h e  n e e d  f o r  v a r i a b l e  s t a n d a r d s
t h r o u g h o u t ,  w h ic h  m ake t h e  d e s i r a b l e  h i g h  a c c u r a c y  a n d  c l e a r  r e a d - o u t
f e a t u r e s  d i f f i c u l t  t o  a c h i e v e .  T h e t r a n s f o r m e r  r a t i o - a r m  p r i n c i p l e
e m p lo y e d  i n  t h e  a b o v e  b r i d g e s  o v e r c o m e s  t h i s .  T h e s e  b r i d g e s  h a v e  b e e n
( 7 3 )
u s e d  w i t h  s u c c e s s  b y  C a l v e r t  e t  a l G  J f o r  t h e  c o n d u c t a n c e  m e a s u r e ­
m e n ts  o f  c o n c e n t r a t e d  s o l u t i o n s  o f  som e e l e c t r o l y t e s  w i t h o u t  u s i n g  t h e  
d i p p i n g  c o n t a c t  e l e c t r o d e s .  ivfore r e c e n t l y ,  t r a n s f o r m e r  r a t io - a r m .  
b r i d g e s  h a v e  b e e n  u s e d  b y  R a n e e a n d  P e n g i l l y ^ 7  ^ f o r  t h e i r  
c o n d u c t a n c e  m e a s u r e m e n ts  a t  h i g h  f r e q u e n c i e s .
T h e W ayne K e r r  B 201  C o n d u c ta n c e  B r id g e
T h e  B 201  i s  a  t h r e e - t e r m i n a l  b r i d g e  a n d  i s  s u p p l i e d  w i t h  a l t e r n a t i v e  
f i x e d - f r e q u e n c y  p l u g - i n  s o u r c e  a n d  d e t e c t o r  u n i t s  s e t  a t  1 0 0  KHz an d  
1 MHz, s o  t h a t  i t  p r o v i d e s  a  c o m p le t e  m e a s u r in g  s y s t e m .  A l t e r n a t i v e l y ,  
t h e  b r i d g e  c a n  b e  u s e d  f o r  c o n d u c t a n c e  m e a su r e m e n ts  a t  a n y  f r e q u e n c y  
w i t h i n  t h e  a b o v e  r a n g e  b y  u s i n g  a n  e x t e r n a l  s o u r c e  a n d  d e t e c t o r ;  t h e  
b r i d g e  w a s  u s e d  i n  t h i s  w a y  f o r  m o s t  m e a su r e m e n ts  i n  t h e  p r e s e n t  w o r k .
A  v a l u a b l e  p r o p e r t y  o f  t h e  B 201  i s  i t s  a b i l i t y  t o  m ake a c c u r a t e  
m e a s u r e m e n ts  e v e n  w h e n  l o n g  c o n n e c t i n g  l e a d s  a r e  u s e d  a n d  w h i l e  t h e  
c o m p o n e n t  u n d e r  t e s t  r e m a in s  c o n n e c t e d  i n  c i r c u i t .  T h e f a c i l i t y  i s  
a c h i e v e d  b y  u s i n g  t h e  n e u t r a l  t e r m i n a l  o f  t h e  b r i d g e ,  w h ic h  e n a b l e s  a n y  
arm  o f  a  d e l t a  n e t w o r k  t o  b e  m e a s u r e d  i n  t h e  p r e s e n c e  o f  t h e  o t h e r  tw o  
a r m s .
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Two t r i m  c o n t r o l s ,  C a n d  G , t o g e t h e r  e n a b le  a n y  s t r a y  C a n d  
R c o m p o n e n ts  i n  t h e  b r i d g e  t o  b e  b a l a n c e d  o u t  b e f o r e  a n y  c o m p o n e n ts  
w e r e  c o n n e c t e d  t o  t h e  b r i d g e  t e r m i n a l s ;  s i n c e  s t r a y  c o m p o n e n ts  t e n d  
t o  b e  f r e q u e n c y  d e p e n d e n t ,  t h e  b r i d g e  w i l l  r e q u i r e  r e - t r im m in g  i f  t h e  
f r e q u e n c y  i s  c h a n g e d .
A  s o u r c e  l e v e l  c o n t r o l  e n a b l e s  t h e  a m p l i t u d e  o f  t h e  s i g n a l  a p p l i e d  
t o  t h e  b r i d g e  -  a n d  h e n c e  t o  t h e  p o i n t  o f  m e a su r e m e n t  -  t o  b e  a d j u s t e d .  
A  g a i n  c o n t r o l  i s  a l s o  i n c l u d e d  t o  s p e e d  u p  t h e  b a l a n c i n g  p r o c e d u r e  
w h e n  t h e  o r d e r  o f  m e a s u r e m e n ts  i s  n o t  k n ow n .
T h e b r i d g e  c o v e r s  t h e  r a n g e s  0 .0 0 0 1  pF  t o  0 . 1  y F  a n d  a  0 .0 0 0 1  y  mho 
t o  1  mho (1  ohm -  1 0 0 0  M o h m ), i n  s i x  s t e p s ,  b u t  f o r  t h e  m e a s u r e m e n ts  
i n  t h e  p r e s e n t  w o r k  i t  w a s  o n l y  f o u n d  n e c e s s a r y  t o  u s e  tw o  r a n g e s ,  
e x t e n d i n g  fr o m  1 0 0  t o  1 0 0 0 0  ymho ( 1 0  ohm  -  1 0  K o h m ) . C o n d u c ta n c e
c o u l d  b e  m e a s u r e d  t o  a  p r e c i s i o n  o f  ±0.05%  o r  b e t t e r .
T h e  W a y n e-K er r  B 801  C o n d u c ta n c e  B r id g e
T h e  B 801  b r i d g e  c a n  b e  o p e r a t e d  a t  a n y  f r e q u e n c y  b e t w e e n  1 MHz 
a n d  1 0 0  MHz, a n d  w a s  d e s i g n e d  f o r  t h e  s im u l t a n e o u s  m e a s u r e m e n ts  o f  t h e  
c a p a c i t a n c e  a n d  c o n d u c t a n c e  o f  a e r i a l s ,  f e e d e r s ,  l i n e s  a n d  c o m p o n e n t s ,  
w h e t h e r  b a la n c e d  o r  u n b a la n c e d .  T h e o r i g i n a l  c o n s t r u c t i o n  o f  t h i s  
b r i d g e  p r o v id e d  o n l y  o n e  c o n t in u o u s  c o v e r a g e  m e a su r e m e n t  o f  c o n d u c t a n c e  
i n  t h e  r a n g e  0  t o  100  m i l l i m h o s ,  a n d  c a p a c i t a n c e  i n  t h e  r a n g e  0  t o
± 2 3 0  p F .  S t r a y  c o n d u c t a n c e  a n d  r e a c t a n c e  i n  t h e  b r i d g e  c a n  b e
b a l a n c e d  o u t ,  f o r  t h e  r e q u i r e d  f r e q u e n c y ,  b e f o r e  m e a s u r e m e n ts  a r e  m a d e ,  
b y  m ean s o f  tw o  t r i m  c o n t r o l s ;  u n l i k e  t h e  B 2 0 1 ,  t h i s  b r i d g e  i s  n o t  
p r o v i d e d  w i t h  s e t  l e v e l  o r  g a i n  c o n t r o l s .  F o r  t h e  p r e s e n t  w o r k ,  i t
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w a s  f o u n d  t h a t  t h e  o r i g i n a l  fo r m  o f  B 801  w a s t o o  i n s e n s i t i v e  f o r  t h e  
m e a s u r e m e n ts  u n d e r  c o n s i d e r a t i o n .  S o  a  s l i g h t  m o d i f i c a t i o n  w a s  m ade 
w h ic h  i n c r e a s e d  t h e  s e n s i t i v i t y  o f  t h e  t r i m  c o n t r o l s ,  a n d  m e a s u r e m e n ts  
w e r e  t h e n  m ade t h r o u g h  t h e s e  c o n t r o l s .
T h e  m o d i f i c a t i o n  t o  t h e  b r i d g e  w a s  m ade b y  i n t e r c h a n g i n g  t h e  t r i m  
a n d  m e a su r e m e n t  c o n t r o l s ; b o t h  a r e  5 0 0  ohm p o t e n t i o m e t e r s . T h e  
r e s i s t a n c e s  i n  s e r i e s  w i t h  t h e s e  p o t e n t i o m e t e r s  ( 1 0 0 0  ohm a n d  5 0 0 0  ohm  
r e s p e c t i v e l y )  w e r e  i n t e r c h a n g e d ,  m a k in g  t h e  t r i m  c o n t r o l  t h e  m ore  
s e n s i t i v e ,  b y  t h i s  m o d i f i c a t i o n .  A  1 0 : 1  m e c h a n ic a l  r e d u c t i o n  d r i v e  
w a s  t h e n  a t t a c h e d  t o  t h e  s p i n d l e  o f  t h e  t r i m  c o n d u c t a n c e  c o n t r o l  
p o t e n t i o m e t e r  a n d  a  d i g i t a l  r e a d o u t  w a s  a t t a c h e d  t o  t h e  s h a f t  o f  t h e  
r e d u c t i o n  d r i v e .  I t  w a s  f o u n d  t h a t  t h e  d i g i t a l  r e a d o u t  c h a n g e d  b y  
som e 9 0 0  u n i t s  f o r  t h e  f u l l  r a n g e  o f  r e s i s t a n c e  o f  t h e  p o t e n t i o m e t e r .
A l l  s u b s e q u e n t  m e a s u r e m e n ts  o f  c o n d u c t a n c e  w e r e  t a k e n  fr o m  t h e  d i g i t a l  
r e a d o u t  l e a v i n g  t h e  c o n d u c t a n c e  r a n g e  s w i t c h e s  t o  b e  u s e d  a s  c o a r s e  
t r i m  c o n t r o l s .  I n  t h e  p r e s e n t  w o r k  i t  w a s  n o t  n e c e s s a r y  t o  u s e  t h e  
d i a l  c a l i b r a t i o n s  o f  b o t h  B 201  b r i d g e  a n d  t h e  m o d i f i e d  B 801  b r i d g e ;  b y  
u s i n g  t h e  k now n c o n d u c t a n c e s  o f  a  r e f e r e n c e  e l e c t r o l y t e ,  t h e  c a l i b r a t i o n  
o f  t h e  b r i d g e s  w a s  a c h i e v e d ,  a s  w i l l  b e  d e s c r i b e d  i n  s e c t i o n  3  o f  t h i s  
p a r t .
( i i i )  T h e C o m p le te  M e a s u r in g  S y s te m
A s i m p l i f i e d  b l o c k  d ia g r a m  o f  t h e  c o m p le t e  m e a s u r in g  s y s t e m  i s  
sh o w n  i n  F ig u r e  2 . 2 .  I t  w i l l  b e  s e e n  t h a t  t h e  m a in  b o d y  o f  t h e  
c o n d u c t a n c e  c e l l  i s  m ade o f  tw o  c o m p a r tm e n ts .  T h e f i r s t  c o m p a r tm e n t  
c o n t a i n s  t h e  l o w - f r e q u e n c y  e l e c t r o d e s  w h ic h  w e r e  c o n n e c t e d  t o  t h e  
W h e a t s to n e  b r i d g e  w h i l e  t h e  h i g h - f r e q u e n c y  e l e c t r o d e s  i l l  t h e - s e c o n d
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c o m p a r tm e n t w e r e  c o n n e c t e d  t o  e i t h e r  t h e  B 201  o r  t h e  B 801  b r i d g e ,  
i n c o r p o r a t i n g  a  s o u r c e  a n d  d e t e c t o r .
I n  t h e  r a d i o - f r e q u e n c y  c i r c u i t  a  g e n e r a l - p u r p o s e  b r i d g e  s o u r c e  
an d  n u l l  d e t e c t o r  w a s p r o v i d e d  b y  t h e  W a y n e-K er r  S R 268 u n i t .  T h e  
in s t r u m e n t  c o v e r s  t h e  f r e q u e n c y  r a n g e  1 0 0  KHz t o  1 0 0  MHz a n d  i s  
e s p e c i a l l y  s u i t a b l e  f o r  u s e  i n  c o n j u n c t i o n  w i t h  b r i d g e  t y p e s  B 201  an d  
B 8 0 1 . T h e f r e q u e n c y  r a n g e  i s  c o v e r e d  i n  n i n e  b a n d s  a n d  t h e  s o u r c e  a n d  
d e t e c t o r  t u n e d  c i r c u i t s  a r e  g a n g e d  f o r  s i m p l e  a n d  f a s t  o p e r a t i o n .  
P u s h - b u t t o n  a t t e n u a t o r s  a r e  i n c o r p o r a t e d  t o  c o n t r o l  t h e  s o u r c e  o u t p u t  
l e v e l  a n d  d e t e c t o r  i n p u t  s e n s i t i v i t y .  A  m e t e r  f a c i l i t a t e s  a c c u r a t e  
v i s u a l  d e t e c t i o n  o f  t h e  n u l l  p o i n t .  T h e c o n n e c t i o n s  t o  t h e  b r i d g e  
w e r e  m ade b y  m ean s o f  7 5 -o h m  c o a x i a l  c a b l e s  a n d  B .N .C . c o n n e c t o r s .
T h e l e n g t h  o f  t h e  c a b l e s  b e i n g  k e p t  a s  s h o r t  a s  p o s s i b l e .
T h e  d e s i r e d  f r e q u e n c y  w a s  o b t a i n e d  b y  t u n in g  t h e  s o u r c e  o u t p u t  t o  
a  c r y s t a l - c o n t r o l l e d  f r e q u e n c y  m e t e r ,  t y p e  C K B -74028; g i v i n g  a n  
a c c u r a c y  o f  a b o u t  0 .0 2 % . T h is  p r o c e d u r e  w as r e p e a t e d  f o r  e a c h  s e t  
o f  m e a s u r e m e n ts ;  a  s l i g h t  s h i f t  i n  t h e  f r e q u e n c y  o f  t h e  o u t p u t  w a s  
o b s e r v e d  o v e r  a  p e r i o d  o f  h o u r s .
F o r  a l l  in s t r u m e n t s  t h e  p o w e r  s u p p ly  w a s t a k e n  fr o m  a  5 0  Hz 
s t a b i l i s e d  p o w e r  s u p p ly  A d v a n c e  V o l t s t a t  u n i t ,  t y p e  CVN 2 5 0 A , g i v i n g  
2 4 0  v o l t s  r . m . s .  a t  50  H z .
T h e c o m p le t e  l a y o u t  o f  t h e  r a d i o - f r e q u e n c y  in s t r u m e n t s  i s  sh o w n  
i n  P l a t e  I I .
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A  s p e c i a l  d e s i g n  o f  c o n d u c t a n c e  c e l l  w a s  u s e d  i n  t h i s  w o rk  b y  w h ic h  
b o t h  a u d i o -  a n d  r a d i o - f r e q u e n c y  c o n d u c t a n c e  m e a s u r e m e n ts  w e r e  c a r r i e d  
o u t .  T h e c e l l  c o n s i s t e d  o f  tw o  c o m p a r t m e n t s ,  c o n n e c t e d  b y  t h i c k -  
w a l l e d  P y r e x  g l a s s  t u b i n g ,  an d  i s  sh o w n  i n  P l a t e  I I I .
T h e  a u d i o - f r e q u e n c y  c o m p a r tm e n t w a s  c y l i n d r i c a l  o f  a b o u t  3 0 0  m l 
c a p a c i t y ,  h a v in g  a  t a p e r e d  g r o u n d  g l a s s  n e c k  o v e r  w h ic h  f i t t e d  a  g r o u n d  
g l a s s  c a p . T h is  c a p  c a r r i e d  t h e  e l e c t r o d e  s u p p o r t s , f i l l e d  w i t h  
m e r c u iy ,  t h r o u g h  w h ic h  t h e  c o n n e c t i o n  t o  t h e  a u d i o - f r e q u e n c y  b r i d g e  w a s  
m a d e , a n d  a n  o p e n in g  a l s o  f i t t e d  w i t h  g r o u n d - o n  c a p  t h r o u g h  w h ic h  t h e  
e l e c t r o l y t e  s o l u t i o n  c o u l d  b e  i n t r o d u c e d ,  o r  n i t r o g e n ,  f r e e  f r o m  c a r b o n  
d i o x i d e ,  p a s s e d  i n t o  t h e  c e l l .  T h e a u d i o - f r e q u e n c y  e l e c t r o d e s  w e r e  
tw o  p a r a l l e l  p la t i n u m  s h e e t s ,  2 x l  cm , s p a c e d  a b o u t  1 cm a p a r t ,  a n d  
w e r e  l i g h t l y  c o a t e d  w i t h  " p la t in u m  b la c k "  t o  r e d u c e  a n y  p o l a r i z a t i o n  
e f f e c t s .  T h e e l e c t r o d e s  w e r e  p l a t i n i s e d  b y  im m e r s in g  i n  a  s o l u t i o n  
c o n t a i n i n g  1  gm o f  c h l o r o p l a t i n i c  a c i d  a n d  0 . 0 0 8  gm o f  l e a d  a c e t a t e ,  
a s  s t a b i l i s e r ,  i n  3 0  m l o f  w a t e r ,  a n d  a  c u r r e n t  w a s p a s s e d  b e t w e e n  th e m  
s o  t h a t  a  g e n t l e  e v o l u t i o n  o f  g a s  o c c u r r e d .  T h e d i r e c t i o n  o f  t h e  
c u r r e n t  w a s  r e v e r s e d  e v e r y  f i v e  m in u t e s  u n t i l  a  s u b s t a n t i a l  c o a t i n g  o f  
p l a t i n u m - b l a c k  h a d  b e e n  d e p o s i t e d ,  an d  t h e  e l e c t r o d e s  w e r e  t h e n  w a s h e d  
t h o r o u g h ly  t o  r e m o v e  a b s o r b e d  s a l t ,  a n d  w e r e  k e p t  i n  c o n d u c t i v i t y  w a t e r  
w h e n  n o t  i n  u s e .  G r i im e l  J o n e s  a n d  B o l i n g e r ^ 7 ^  a n d  F e l t h a m  an d  S p ir o  
h a v e  g i v e n  g o o d  a c c o u n t s  o f  t h e  p l a t i n i s a t i o n  o f  e l e c t r o d e s .
T h e r a d i o - f r e q u e n c y  e l e c t r o d e s  w e r e  a n o t h e r  p a i r  o f  p a r a l l e l  
p l a t i n u m  s h e e t s , e a c h  2 x 2  cm , a n d  s e p a r a t e d  b y  2 cm . T h e s e  e l e c t r o d e s  
w e r e  c o n t a i n e d  i n  t h e  r a d i o - f r e q u e n c y  c o m p a r tm e n t c f  t h e  c e l l ;  t h e y  w e r e  
n o t  p l a t i n i s e d ,  s i n c e  p o l a r i s a t i o n  w a s  u n l i k e l y  t o  o c c u r  a t  t h e  h i g h -
(iv ) Hie Conductance Cell
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f r e q u e n c i e s  u s e d .  T h is  c o m p a r tm e n t w a s  a  g l a s s  b u lb  o f  a b o u t  5 0  m l 
c a p a c i t y  c o n n e c t e d  a t  o n e  e n d  t o  t h e  m a in  b o d y  o f  t h e  c e l l ,  w h i l e  t h e  
o t h e r  e n d  c a r r i e d  a  g l a s s  t a p  a n d  s o c k e t .
. . T h e f o l l o w i n g  p r o c e d u r e  w a s  a p p l i e d  f o r  u s i n g  t h e  c o n d u c t a n c e  
c e l l .  T h ro u g h  t h e  i n l e t  a b o v e  t h e  g l a s s  t a p ,  n i t r o g e n  w a s  p a s s e d  i n t o  
t h e  a u d i o - f r e q u e n c y  c o m p a r tm e n t b e f o r e  m a k in g  c o n d u c t a n c e  m e a s u r e m e n t s .  
W hen m e a s u r e m e n ts  w e r e  n o t  b e i n g  m a d e , t h e  n i t r o g e n  f l o w  w a s  a l lo w e d  t o  
p a s s  t h r o u g h  a n  o p e n in g  p o s i t i o n e d  j u s t  b e lo w  t h e  a u d i o - f r e q u e n c y  e l e c ­
t r o d e s  t o  m ix  t h e  s o l u t i o n  t h o r o u g h ly  d u r in g  t h e  t h e r m a l  e q u i l i b r a t i o n  
o f  t h e  c e l l  a n d  c o n t e n t s .  F o r  t h e  r a d i o - f r e q u e n c y  m e a s u r e m e n t s ,  t h e  
R .F .  c o m p a r tm e n t w a s  f i l l e d  c o m p l e t e l y  b y  f o r c i n g  t h e  s o l u t i o n  u p  i n t o  
i t  b y  a  s t r e a m  o f  n i t r o g e n ,  a f t e r  w h ic h  t h e  g l a s s  t a p  w a s  c l o s e d  l e a v i n g  
t h e  e l e c t r o d e s  i n  t h e  s o l u t i o n .
( v )  T e m p e r a tu r e  C o n t r o l
A  c o n s t a n t  t e m p e r a t u r e  c a b i n e t  w a s  u s e d  i n  t h i s  w o r k  i n  o r d e r  t o  
m a i n t a i n  t h e  c o n d u c t a n c e  c e l l  an d  i t s  c o n t e n t s  a t  2 9 8  ± 0 . 0 1  K. T h is  
c a b i n e t  h a s  b e e n  f u l l y  d e s c r i b e d  b y  P e n g i l l y ^ ^ , s o  t h a t  o n l y  a  b r i e f  
o u t l i n e  o f  i t s  c o n s t r u c t i o n  w i l l  b e  g i v e n  h e r e .
e  c a b i n e t  w a s  o f  a lu m in iu m , d e s i g n e d  i n  tw o p a r t s ,  an d  
e f f i c i e n t l y  i n s u l a t e d  b y  o n e  i n c h  t h i c k  p o l y s t y r e n e  s h e e t  l a g g i n g .
t h e r m o s t a t  l i q u i d  s i n c e  t h e  r e s i s t a n c e  o f  t h e  c e l l  s h o w e d  c o n s i d e r a b l e  
v a r i a t i o n  w i t h  s i g n a l  f r e q u e n c y  o f  t h e  b r i d g e .  F o r  t h i s  r e a s o n ,  t h e  
l o w e r  p a r t  o f  t h e  c a b i n e t ,  a  g l a s s  t a n k  o f  a b o u t  3 0 0  l i t r e s  c a p a c i t y ,
J o n e s  a n d  J o s e p h s  f o u n d  t h a t  w a t e r  w a s  u n s u i t a b l e  a s  a
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w a s  f i l l e d  w i t h  l i g h t  t r a n s f o r m e r  o i l .  T h e o i l  b a t h  w a s  h e a t e d  b y  a  
200 w a t t  h e a t i n g  c o i l ,  a n d  s t i r r e d  e f f i c i e n t l y  b y  m ean s o f  a  p a d d le  
s t i r r e r .  T i e  b a t h  w a s  s e t  a t  2 9 8  K w i t h  a  s t a n d a r d  c a l i b r a t e d  th e r m o ­
m e t e r  g r a d u a t e d  i n  0 . 0 1  K d i v i s i o n s .  No t e m p e r a t u r e  d i f f e r e n c e  
b e t w e e n  t h e  v a r i o u s  p a r t s  o f  t h e  b a t h  c o u l d  b e  d e t e c t e d  w i t h  t h i s  
t h e r m o m e te r .
I n  t h e  u p p e r  p a r t  o f  t h e  c a b i n e t  t h e  t e m p e r a t u r e  o f  t h e  a i r  a b o v e  
t h e  o i l  b a t h  w a s  m a in t a in e d  a t (2 9 8  ± 0 .3 )  K b y  m ean s o f  a  50  w a t t  h e a t e r .  
T i e  a i r  w a s  c i r c u l a t e d  u s i n g  a  f a n  p o w e r e d  b y  t h e  o i l  s t i r r e r  m o t o r .
T h e l e n g t h  o f  l e a d s  fr o m  t h e  r a d i o - f r e q u e n c y  e l e c t r o d e s  t o  t h e  
B 801  b r i d g e  w a s  k e p t  t o  a  m inim um  b y  p l a c i n g  t h e  c o n d u c t a n c e  c e l l  i n  
t h e  b a t h  c l o s e  t o  o n e  s i d e  o f  t h e  c a b i n e t .  I t  w a s  fo u n d  t h a t  t h e  u s e  
o f  l o n g  l e a d s  r e s u l t e d  i n  a  s h a r p  d e c r e a s e  i n  t h e  s e n s i t i v i t y  o f  t h e  
r a d i o - f r e q u e n c y  b r i d g e s ,  a l t h o u g h  t h e  r e s u l t a n t  c o n d u c t a n c e  w a s  n o t  
a f f e c t e d .  P la t in u m  w i r e s  w e r e  u s e d  a t  f i r s t  a s  d i r e c t  c o n t a c t s  b e t w e e n  
t h e  l e a d i n g  arm s o f  t h e  e l e c t r o d e s  a n d  t h e  m e a s u r in g  a u d i o - f r e q u e n c y  
W h e a t s to n e  b r i d g e ,  b u t  t h e  v a l u e s  o b t a i n e d  sh o w e d  l a r g e  d e v i a t i o n s ; t h e  
sa m e c o n d u c t a n c e  c e l l  u n d e r  t h e  sa m e  c o n d i t i o n s ,  g a v e  b e t t e r  r e s u l t s  
a f t e r  t h e  l e a d i n g  arm s w e r e  f i l l e d  w i t h  m e r c u r y .  T h is  b e h a v i o u r  m ay
(77')
b e  a t t r i b u t e d  t o  t h e  h e a t  t r a n s f e r v J t h r o u g h  t h e  l e a d s  t o  t h e
a p p a r a t u s .  F u r th e r m o r e ,  t h e  t e m p e r a t u r e  d i f f e r e n c e s  b e t w e e n  t h e
f 711b r i d g e  l e a d s  w e r e  k e p t  t o  a  m inim um  ^  J i n  t h e  f o l l o w i n g  w a y .  T h e  
l e a d i n g  arm s fr o m  t h e  W h e a t s to n e  b r i d g e  w e r e  d ip p e d  i n t o  tw o  s m a l l  
t u b e s  o f  m e r c u r y  i n  t h e  o i l  b a t h ,  .an d  tw o  f u r t h e r  l e a d s  f r o m  t h e s e  
t u b e s  d ip p e d  i n t o  t h e  m e r c u r y  o f  t h e  a u d i o - f r e q u e n c y  e l e c t r o d e  t u b e s .
-  71 -
PART I I  
SECTION 2
MATERIALS
-  72 -
T h e p r e p a r a t i o n  o f  t h e  c o n d u c t i v i t y  w a t e r  p r e s e n t s  i t s  ow n  
s p e c i a l  p r o b le m s  i n  e a c h  c a s e .  I t  i n v o l v e s  t h e  e l i m i n a t i o n  o f  t r a c e s  
o f  i m p u r i t y  s o  s m a l l  t h a t  t h e y  c a n n o t  b e  d e t e c t e d  b y  c h e m ic a l  t e s t s ,  
s o  t h a t  t h e  n a t u r e  o f  t h e  im p u r i t y  i s  a  m a t t e r  f o r  c o n j e c t u r e ,  a n d  t h e  
o n l y  c r i t e r i o n  o f  a  g o o d  p u r i f i c a t i o n  p r o c e s s  i s  t h a t  i t  s h o u l d  g i v e  
w a t e r  o f  lo w  c o n d u c t i v i t y .  T h e  m e th o d  o f  p u r i f y i n g  w a te r ,  i n  t h i s  
w o r k  c a n  b e  d e s c r i b e d  a s  f o l l o w s . F r e s h l y - p r e p a r e d  d i s t i l l e d  w a t e r  
w a s  p a s s e d  t h r o u g h  tw o  s e p a r a t e  i o n  e x c h a n g e  c o lu m n s .  T h e s e  w e r e  a n  
E l g a s t a t  i o n  e x c h a n g e  c o lu m n  a n d  a  c o lu m n  o f  " B i o - d e m i n r o l i t "  i o n  
e x c h a n g e  r e s i n ;  t h e  l a t t e r  c o n s i s t e d  o f  a  m ix t u r e  o f  s t r o n g - a c i d  a n d  
s t r o n g - b a s e  r e s i n s ,  a n d  w a s  s u p p l i e d  r e a d y  m ix e d  b y  t h e  P e r m u t i t  
Com pany L t d .  B e f o r e  f i l l i n g  t h e  c o n d u c t i v i t y  c e l l ,  w a t e r  w a s  k e p t  
u n d e r  n i t r o g e n  f o r  s e v e r a l  m in u t e s  a n d  w a s w arm ed a t  2 9 8  K , s i n c e  i t  
w a s  f o u n d  t h a t  t h i s  h e l p e d  t o  s p e e d  t h e  t h e r m a l  e q u i l i b r a t i o n  b e t w e e n  
t h e  c e l l  a n d  c o n t e n t s  a n d  t h e  t h e r m o s t a t .  I n  g e n e r a l ,  t h e  
c o n d u c t i v i t y  w a t e r  h a d  a  s p e c i f i c  c o n d u c t a n c e  i n  t h e  r a n g e  ( 0 . 2  -  0 . 4 )  
x  1 0 " 6 ohm 1 cm" 1 a t  2 9 8  K a n d  w a s  f r e s h l y  p r e p a r e d  e a c h  d a y .
( i )  Conductivity Water
( i i )  S o l u t e s
P o t a s s iu m  c h l o r i d e : " A n a la r "  g r a d e  p o t a s s i u m  c h l o r i d e  w a s
r e c r y s t a l l i s e d  t h r e e  t i m e s  fr o m  c o n d u c t i v i t y  w a t e r ,  a n d  d r i e d  a t  3 8 3  K 
f o r  tw o  h o u r s ' .  T h e p r o d u c t  w a s  h e a t e d  t o  d u l l  r e d  h e a t  i n  a  p la t i n u m  
d i s h  a n d  l e f t  t o  c o o l  i n  a  d e s i c c a t o r  b e f o r e  b e i n g  s t o r e d  i n  a  s t o p p e r e d  
s m a l l  b o t t l e .
M a g n es iu m  o x a l a t e : B e c a u s e  o f  t h e  v e r y  s m a l l  s o l u b i l i t y  o f
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m a g n e s iu m  o x a l a t e  i n  w a t e r  a n d  a l s o  b e c a u s e  t h e r e  i s  n o  s p e c i a l  
p u r i f i c a t i o n  m e th o d , i t  i s  a d v i s a b l e  t o  p r e p a r e  i t  b y  a  h o m o g e n e o u s  
p r e c i p i t a t i o n  fr o m  a n  o r g a n i c  r e a g e n t  ( e t h y l  o x a l a t e )  u n d e r  
s p e c i f i c  c o n d i t i o n s .  " M a la r "  m a g n e s iu m  c h l o r i d e  ( a b o u t  2 gm) w a s  
d i s s o l v e d  i n  s u f f i c i e n t  w a t e r  t o  r e a c h  a  v o lu m e  o f  .14 t o  1 5  m l .  7 5  m l 
o f  g l a c i a l  a c e t i c  a c i d  w a s  a d d e d ,  a f t e r  w h ic h  t h e  s o l u t i o n  w a s s t i r r e d  
u n t i l  i t  w a s  c o m p l e t e .  T h en  1 0  m l o f  g l a c i a l  a c e t i c  a c i d  c o n t a i n i n g  
o n e  gram  o f  " M a la r "  ammonium a c e t a t e  w a s  a d d e d . F i n a l l y ,  1 . 5  m l o f  
p u r i f i e d  e t h y l  o x a l a t e  w a s  i n t r o d u c e d  a n d  t h e  r e s u l t i n g  s o l u t i o n  w a s  
s t i r r e d  t h o r o u g h ly  o n  a n  e l e c t r i c  h o t  p l a t e  s o  r e g u l a t e d  t h a t  t h e  
t e m p e r a t u r e  w a s  n o t  a l l o w e d  t o  r i s e  a b o v e  3 7 3  K , an d  h e l d  a t  t h i s  
t e m p e r a t u r e .  From  t h e  s t a r t  o f  p r e c i p i t a t i o n ,  d i g e s t i o n  w a s  c o n t i n u e d  
f o r  t h r e e  h o u r s .  A s a  p r e c a u t i o n a r y  m e a s u r e ,  e s p e c i a l l y  i f  t h e r e  w a s  
d o u b t  a s  t o  m a in t e n a n c e  o f  t h e  p r o p e r  t e m p e r a t u r e  t h r o u g h o u t  t h e  
p e r i o d  o f  p r e c i p i t a t i o n ,  5 m l o f  85% g l a c i a l  a c e t i c  a c i d  s a t u r a t e d  
w i t h  " M a la r "  ammonium o x a l a t e  a t  room  t e m p e r a t u r e ,  w a s  a d d e d  j u s t  1 5  
m in u t e s  b e f o r e  f i l t r a t i o n .  T h e p r e c i p i t a t e ,  a  w h i t e  c r y s t a l l i n e  
p o w d e r , w a s d r i e d  t o  c o n s t a n t  w e i g h t  a t  3 8 3  K a s  t h e  d i h y d r a t e .  T h e  
c o m p o s i t i o n  o f  t h e  s a l t  w a s  d e t e r m in e d  b y  a n a l y s i s  f o r  o x a l a t e  b y  
t i t r a t i o n  w i t h  p o t a s s i u m  p e r m a n g a n a te  w h ic h  w a s  s t a n d a r d i s e d  w i t h  
a n a l a r  p r im a r y  s t a n d a r d  s o d iu m  o x a l a t e .  T h e s a l t  w a s  f u r t h e r  a n a l y s e d  
f o r  m a g n e s iu m  b y  t i t r a t i o n  w i t h  t h e  d is o d iu m  s a l t  o f  e t h y l e n e  d ia m in e  
t e t r a c e t i c  a c i d  ( E .D .T .A . )  u s i n g  E r io c h r o m e  B la c k  T i n d i c a t o r . 
F i n a l l y ,  a  t h e r m o g r a v im e t r i c  a n a l y s i s  ( T .G .A .)  w a s  c a r r i e d  o u t  f o r  
h y d r a t i o n  u s i n g  a  s t a n t o n  T h e r m o b a la n c e  (1 0  mg f u l l  s c a l e ) .
P r a c t i c a l  r e s u l t s  = 16 .51%  Mg; 59.29%  o x a l a t e ,  T h e o r y ,  f o r  
MgC20 4 .2I-K ) = 16 .39%  Mg; 59.31%  o x a l a t e .  R e c o r d e d  w e i g h t  l o s s  b y  
T .G .A . = 2 4 .1 1 % . T h e o r e t i c a l  w e i g h t  l o s s  f o r  M g C ^ O ^ F K ) = 24 .26%  H20 .  
D u p l i c a t e  a n a l y s e s  a g r e e d  t o  w i t h i n  0 .02%  o f  t h e  m ea n .
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M a n g a n e se  ( I I )  O x a l a t e : T h e sa m e  o r g a n i c  m e t h o d a s  f o r
m a g n e s iu m  o x a l a t e  p r e p a r a t i o n  w a s  c a r r i e d  o u t  h e r e ,  b u t  o w in g  t o  t h e  
r a p i d  l o s s  o f  h y d r a t e d  w a t e r  m o l e c u l e s  ( s t a r t i n g  i n  t h e  r a n g e  3 7 3  -  
4 2 3  K) ,  t h e  p r o d u c t ,  a  c r y s t a l l i n e  r e d d i s h - w h i t e  p o w d e r , w a s  d r i e d  a t  
3 6 3  -  3 6 8  K b e f o r e  s t o r i n g  i n  a  s m a l l  b o t t l e  i n  a  d e s i c c a t o r ,  o v e r  
s i l i c a  g e l .  A n a l y s i s  f o r  o x a l a t e  c o n t e n t  w i t h  p o t a s s i u m  p e r m a n g a n a t e ,  
f o r  M a n g a n ese  c o n t e n t  b y  E .D .T .A .  t i t r a t i o n  a n d  f o r  t h e  h y d r a t e d  w a t e r  
m o l e c u l e s  b y  T .G .A . sh o w e d  t h a t  t h e  MnC20 4 w a s  i n  t h e  fo r m  o f  a  d e f i n i t e  
d i h y d r a t e .
P r a c t i c a l  = 30.62%  Mn; 49 .15%  o x a l a t e ;  T h e o r y ,  f o r  MnC20 H.2 H 20  
-  30 .70%  Mn; 49 .12%  o x a l a t e .  R e c o r d e d  w e i g h t  l o s s  b y  T .G .A . = 2 0 ,2 2 % .  
T h e o r e t i c a l  w e i g h t  l o s s  f o r  M n C ^ .2 H 20  = 20.12%  H20 .  D u p l i c a t e  
a n a l y s i s  c h e c k e d  w i t h i n  0 .03%  fr o m  t h e  m ea n .
A c e t i c  a c i d : T h e u s u a l  i m p u r i t i e s  a r e  t r a c e s  o f  a c e t a l d e h y d e  an d
o t h e r  o x i d i z a b l e  s u b s t a n c e s ,  a n d  w a t e r  ( a c e t i c  a c i d  i s  v e r y  h y g r o s c o p i c ) .  
T h e p r e s e n c e  o f  0.1%  w a t e r  i n  a c e t i c  a c i d  lo w e r s  i t s  m .p .  -fco 2 7 3 .2  K. 
A n a l a r  a c e t i c  a c i d  ( A r i s t a r ,  B .D .H .)  w a s  p u r i f i e d  b y  a d d in g  som e a c e t i c  
a n h y d r id e  t o  r e a c t  w i t h  t h e  w a t e r  p r e s e n t ,  a n d  h e a t i n g  f o r  tw o  h o u r s  
t o  j u s t  b e lo w  b o i l i n g  i n  t h e  p r e s e n c e  o f  2 gm C i 0 3 p e r  1 0 0  m l .  T h e  
a c i d  w a s  t h e n  f r a c t i o n a l l y  d i s t i l l e d  .
T r a c e s  o f  w a t e r  w e r e  r e m o v e d  b y  r e f l u x i n g  w i t h  t e t r a c e t y l  d i b o r a t e  
( p r e p a r e d  b y  w a rm in g  1 p a r t  o f  b o r i c  a c i d  w i t h  5 p a r t s  (w /w ) o f  a c e t i c  
a n h y d r id e  a t  3 3 3  K , c o o l i n g ,  a n d  f i l t e r i n g  o f f .  I t  i s  v e r y  h y g r o ­
s c o p i c )  , f o l l o w e d  b y  d i s t i l l a t i o n ^ " ^ . A n a l y s i s  o f  t h i s  a c i d  w a s  
d o n e  b y  p o t e n t i o m e t r i c  t i t r a t i o n ,  w i t h  t h e  d i r e c t  r e a d i n g  pH m e t e r  
m o d e l 2 3  A  ( E l e c t r o n i c  I n s t r u m e n t s  L i m i t e d ) ,  u s i n g  a  c o m b in e d  g l a s s /  
c a l o m e l  e l e c t r o d e .  A  s o l u t i o n  o f  0 . 2  N NaOH ( s t a n d a r d  v o l u m e t r i c  
s o l u t i o n s  B .D .H .)  w a s  u s e d  i n  t h e  t i t r a t i o n ,  a n d  a  c a l i b r a t i o n  w a s
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c a r r i e d  o u t  f o r  a l l  t h e  v o l u m e t r i c  g l a s s  w a r e  u s e d .  N i t r o g e n  w a s  
p a s s e d  i n t o  t h e  t i t r a t i o n  v e s s e l .  B y  t i t r a t i o n  o f  a  s t o c k  s o l u t i o n ,  
a n d  o f  s m a l l  s a m p le s  o f  t h e  a c i d ,  t h e  p u r i f i e d  m a t e r i a l  w a s  f o u n d  t o  
b e  9 9 . 9 7  ± 0 .0 2 % . T h e r e f r a c t i v e  i n d e x  o f  t h e  p u r i f i e d  m a t e r i a l  w a s  
f o u n d  t o  b e  1 .3 7 1 9 4  a t  2 9 3  K c o r r e s p o n d in g  t o  t h e  r e a d i n g  7 °  1 0 . 5 ’ o n  
t h e  h i g h - a c c u r a c y  ABBE * 6 0 1 r e f r a c t o m e t e r .
B a r iu m  d i t h i o n a t e : D i t h i o n a t e  s a l t s  m ay b e  p r e p a r e d  b y
e l e c t r o l y t i c ^ - 8 2 -^  o r  c h e m ic a l  o x i d a t i o n  o f  s u l f u r o u s  a c i d  an d  s u l f i t e s .  
C h e m ic a l o x i d a t i o n  i s  m o s t l y  u s e d  a n d  i s  a c c o m p l i s h e d  b y  t h e  a c t i o n  o f  
m any r e a g e n t s .
B a r iu m  d i t h i o n a t e  i n  t h e  p r e s e n t  w o r k  w a s  p r e p a r e d  b y  t h e  c h e m ic a l  
o x i d a t i o n  m e th o d  ( a c t i o n  o f  Mn (TV) o x i d e )  a c c o r d in g  t o  t h e  m e th o d  
d e s c r i b e d  i n  I n o r g a n i c  S y n t h e s e s  ^8 ^  . T h e y i e l d  i n  t h i s  p r e p a r a t i o n  
d e p e n d s  o n  t h e  s t a t e  o f  t h e  m a n g a n e s e  d i o x i d e  u s e d  t o  o x i d i z e  s u lp h u r  
d i o x i d e  i n  a q u e o u s  s o l u t i o n ^ - 8 4  ^ a n d  p o o r  y i e l d s  w e r e  o b t a i n e d  b y  
C h r i s t o f f e r s e n  a n d  P r u e ^ ^ ,  w i t h  c o m m e r c ia l  " p r e c i p i t a t e d "  m a n g a n e se  
d i o x i d e .  T h is  d i o x i d e  w a s  t h e n  p r e p a r e d  b y  h e a t i n g  h y d r a t e d  
m a n g a n e s e  ( I I )  n i t r a t e  a t  4 7 3  K; t h e  d i o x i d e  w a s  g r o u n d  i n  a  m o r t a r ,  
w a s h e d  w i t h  c o n c e n t r a t e d  n i t r i c  a c i d  a n d  t h e n  w i t h  w a t e r  a n d  d r i e d  a t  
3 8 3  K . T h is  m e th o d  w a s  f o u n d  t o  b e  s a t i s f a c t o r y  g i v i n g  a  y i e l d  o f  
a b o u t  7 5  p e r c e n t  o f  t h e  t h e o r e t i c a l  v a l u e .
B a r iu m  d i t h i o n a t e  w a s  t w i c e  r e c r y s t a l l i s e d  f r o m  c o n d u c t i v i t y
w a t e r  a s  BaS 0  .2H  0  a n d  w a s  s t a b l e ,  a t  l e a s t  f o r  o n e  w e e k  i n  v a c u o  2 6 2
o v e r  s i l i c a  g e l .  A n a l y s i s  o f  b a r iu m  d i t h i o n a t e  w a s  c a r r i e d  o u t  b y  a  
g r a v i m e t r i c  m e th o d . W e ig h e d  s a m p le s  w e r e  c a r e f u l l y  e v a p o r a t e d  t o  
d x y n e s s  a n d  t h e  p r o d u c t  w a s  d r i e d  o v e r n i g h t  i n  a n  o v e n  a t  a b o u t  3 9 3  K 
( t o  a v o i d  s u b s e q u e n t  d e c r e p i t a t i o n )  a n d  f i n a l l y  c o m p l e t e l y  c o n v e r t e d
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a t  1 0 7 3  K t o  b a r iu m  s u l p h a t e ;  t h e  p u r i t y  b y  t h i s  m e th o d  w a s  9 9 . 9 4  ± 
0 .0 3 % .
M a g n es iu m  d i t h i o n a t e : T h is  w a s  p r e p a r e d  b y  m e t a t h e s i s  o f  b a r iu m
d i t h i o n a t e  a n d  m a g n e s iu m  s u l p h a t e  a n d  w a s  c r y s t a l l i z e d  o n c e  o n l y ,  a s  
i t  i s  m o re  s o l u b l e  a n d  l e s s  t h e r m a l l y  s t a b l e  t h a n  b a r iu m  d i t h i o n a t e .
No s u l p h a t e  o r  b a r iu m  i o n s  c o u l d  b e  d e t e c t e d  i n  t h e  f i n a l  p r o d u c t ,  
a n d  s t o c k  s o l u t i o n s  w e r e  a n a l y s e d  i n  t h e  u s u a l  w a y  b y  t h e  g r a v i m e t r i c  
m e t h o d .  A n a l y s i s  sh o w e d  t h a t  t h e  M gS20 6 w a s  i n  t h e  fo r m  o f  a  d e f i n i t e  
h e x a h y d r a t e ;  p u r i t y  b y  t h i s  m e th o d  w a s  9 9 .9 5  ± 0 .0 2 % .
M a n g a n e se  D i t h i o n a t e : T h e  p r e p a r a t i o n  o f  t h i s  s a l t  w a s  s i m i l a r  t o
t h a t  o f  MgS20 6 . I n  t h i s  c a s e ,  m a n g a n e se  ( I I )  s u l p h a t e  w a s  u s e d  i n  
t h e  m e t a t h e s i s  m e th o d  w i t h  B a S 20 6 . T h e b a r iu m  s u l p h a t e  w a s f i l t e r e d  
o f f  b u t  t h e  m a n g a n e s e  d i t h i o n a t e  s o l i d  w a s  n o t  i s o l a t e d  a s  i t  i s  m o re  
s o l u b l e  a n d  l e s s  t h e r m a l l y  s t a b l e  t h a n  t h e  m a g n e s iu m  s a l t .  S t o c k  
s o l u t i o n s  w e r e  a n a l y s e d  b y  t h e  g r a v i m e t r i c  m e th o d ,  b u t  i n  h e a t i n g  t o  
Mn ( I I )  s u l p h a t e  t h e  t e m p e r a t u r e  w a s  n o t  a l l o w e d  t o  r i s e  a b o v e  8 8 3  K.
T h e  s o l u t i o n s  c o n t a i n e d  a b o u t  0 . 2 0  mole% o f  b a r iu m  s u l p h a t e ,  b u t  t h e  
e f f e c t  o f  t h i s  i s  w i t h i n  t h e  l i m i t s  o f  e x p e r im e n t a l  e r r o r .
P r e p a r a t i o n  o f  A q u eo u s  S o l u t i o n s
T h e s t o c k  s o l u t i o n s  w e r e  p r e p a r e d  b y  w e ig h in g  t h e  r e q u i r e d  am ou n t  
o f  t h e  p u r i f i e d  s a l t s ,  f o r  e a c h  o f  t h e  e l e c t r o l y t e s  u n d e r  e x a m in a t i o n ,  
i n  a  s m a l l  g l a s s  t u b e ,  i n t r o d u c i n g  t h e  t u b e  a n d  i t s  c o n t e n t s  i n t o  a  
f l a s k  c o n t a i n i n g  a  know n w e i g h t  o f  c o n d u c t i v i t y  w a t e r .  W e ig h in g s  w e r e  
m ade o n  a  b a l a n c e  w e i g h i n g  t o  ±0 .0 0 0 1  gm a n d  b u o y a n c y  c o r r e c t i o n s  w e r e  
a p p l i e d  t h r o u g h o u t .  F o r  e a c h  i n v e s t i g a t i o n  r u n  a  f r e s h  s t o c k  s o l u t i o n  
w a s  p r e p a r e d .
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PART I I  
• SECTION 5
EXPERIMENTAL TECHNIQUES
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T i e  r e s i s t a n c e s  o f  t h e  e l e c t r o l y t e  s o l u t i o n s  u n d e r  i n v e s t i g a t i o n
w e r e  d e t e r m in e d  b y  t h e  d i r e c t  W h e a t s to n e  b r i d g e .  T h e s e  w e r e  c o n s i d e r e d
t h e  b a s i c  m e a s u r e m e n ts  f o r  t h e  a u d i o - f r e q u e n c y  c o n d u c t a n c e s .  B e f o r e
d o in g  a n  e x p e r im e n t a l  r u n  t h e  c l e a n e d  a n d  d r i e d  c o n d u c t i v i t y  c e l l  w a s
w e i g h e d ,  s w e p t  w i t h  n i t r o g e n  f o r  som e t i m e ,  a n d  t h e n  f i l l e d  w i t h
c o n d u c t i v i t y  w a t e r  t o  t h e  r e q u i r e d  l e v e l . T h e w a t e r  w a s  t a k e n  d i r e c t l y
vfrom  t h e  s p e c i a l  i o n  e x c h a n g e  c o lu m n , a n d  n o t  a l l o w e d ; t o  s t a n d  e i t h e r  i n
g l a s s  o r  p o l y e t h y l e n e  c o n t a i n e r s .  ( I t  w a s  f o u n d  t h a t ,  i f  t h e  w a t e r  w a s
a l l o w e d  t o  s t a n d  i n  a  g l a s s  v e s s e l  b e f o r e  p a s s i n g  i t  t h r o u g h  t h e  s t r o n g
a c i d - s t r o n g  b a s e  c o lu m n  i t s  s p e c i f i c  c o n d u c t a n c e  h a d  g a i n e d  0 . 2  -  0 . 4  x  
“ 6 ““1
1 0  ohm cm a t  2 9 8  K .)  T h e c e l l  an d  c o n t e n t s  w e r e  t h e n  r e w e ig h e d ;
a . b u o y a n c y  c o r r e c t i o n  w a s  a p p l i e d  t o  t h e  w e i g h t  o f  w a t e r .
T h e c e l l  w a s  f i r m l y  c l a u p e d  i n  t h e  t h e r m o s t a t  a n d  l e f t  t o  r e a c h  
t h e r m a l  e q u i l i b r i u m ,  t h e  c o n t e n t s  b e i n g  a g i t a t e d  b y  b lo w in g  a  s l o w  
s t r e a m  o f  n i t r o g e n ,  s a t u r a t e d  w i t h  w a t e r  v a p o u r ,  t h r o u g h  t h e  c e l l .  T h e  
b l o w i n g  o f  n i t r o g e n  h a s  t h r e e  m a in  e f f e c t s :  ( a )  f a c i l i t a t i n g  m ix in g  o f
t h e  s o l u t i o n s ,  (b )  i n h i b i t i n g  e l e c t r o l y t e  a d s o r p t i o n  o n  t h e  e l e c t r o d e  
s u r f a c e s ,  a n d  ( c )  p r e v e n t i n g  c o n t a m in a t io n  o f  t h e  s o l v e n t  a n d  s o l u t i o n s  
b y  c a r b o n  d i o x i d e  fr o m  t h e  a t m o s p h e r e .
T i e  p a s s a g e  o f  n i t r o g e n  a p p e a r e d  t o  b e  s u c c e s s f u l  i n  a l l  t h e s e  
' r e s p e c t s  w h ic h  w a s c l e a r l y  o b s e r v e d  i n  t h e  f o l l o w i n g  w a y .  T h e  
r e s i s t a n c e s  o f  t h e  m o s t  d i l u t e  a q u e o u s  s o l u t i o n s  w e r e  f o u n d  t o  d e c r e a s e  
m a r k e d ly  a f t e r  t h e  n i t r o g e n  s t r e a m  h a d  s t o p p e d .  On p a s s i n g  n i t r o g e n  
a g a i n  t h e  r e s i s t a n c e s  i n c r e a s e d .  T h is  i n c o n s i s t e n c y  i n  r e s i s t a n c e  
c h a n g e  h a s  b e e n  n o t e d  b y  M o n k ^ ^  a n d  b y  J a m es f o r  a q u e o u s  s o l u t i o n s  
a f t e r  t h e s e  h a v e  c e a s e d  t o  b e  a g i t a t e d ;  t h i s  p h en o m en o n  h a s  a l s o  b e e n
( i )  Measurement of Audio-Frequency Conductance
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o b s e r v e d  i n  n o n - a q u e o u s  m e d ia  s u c h  a s  m e t h a n o l / 8 ^ , fo r m a m id e ^ 8 8  ^ , a n d  
d im e t h y l  fo r m a m id e ^ 8 9 ^ . P r u e ^ 9 ^  i n  1 9 6 3  h a s  t e r m e d  t h i s  a s  " s h a k in g  
e f f e c t "  an d  a t t r i b u t e d  t h e  p h en o m en o n  t o  t h e  p r o b a b le  c h a n g e  o f  
e l e c t r o l y t e  c o n c e n t r a t i o n  a t  t h e  p o l a r  w a l l s  o f  t h e  c e l l  d u e  t o  g l a s s  
s u r f a c e  i o n - e x c h a n g e .  A  r e c o m m e n d a t io n  w a s g i v e n  b y  P r u e ^ 9 3  ^ t h a t
t h e  " s h a k in g  e f f e c t "  c o u l d  b e  m in im is e d  e i t h e r  b y  m a k in g  t h e  d ia m e t e r  
o f  t h e  e l e c t r o d e  ch a m b er  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  d ia m e t e r  o f  t h e  
e l e c t r o d e s  o r  b y  w a x in g  t h e  i n t e r i o r  o f  t h e  c e l l .  D e u b n e r  a n d  H e is e ^ 9 1  ^
g a v e  a n o t h e r  e x p l a n a t i o n  w h ic h  i s  t h e  c o n t a m in a t io n  o f  s o l u t i o n s  w i t h  
c a r b o n  d i o x i d e ,  b u t  i t  i s  p r o b a b le  t h a t  t h i s  e f f e c t  i s  n o t  s p e c i f i c a l l y  
d u e  t o  c a r b o n  d i o x i d e  a b s o r p t i o n .  I n  t h i s  w o r k ,  t h e  s o l u t i o n  w a s  
a lw a y s  a g i t a t e d  b y  a  s l o w  s t r e a m  o f  n i t r o g e n ,  w h en  n o  r e a d i n g s  w e r e  
b e i n g  t a k e n  a n d  a  c o n s i s t e n t  r e s i s t a n c e  r e a d i n g s  w e r e  o b t a i n e d  b y  
b a l a n c i n g  t h e  b r i d g e  im m e d i a t e ly  a f t e r  t h e  n i t r o g e n  f l o w  h a d  b e e n  s h u t  
o f f .
O n ce  t h e r m a l  e q u i l i b r i u m  h a d  b e e n  a t t a i n e d ,  u s u a l l y  a f t e r  tw o  h o u r s ,  
t h e  r e s i s t a n c e  r e a d i n g s  w e r e  fo u n d  t o  r e m a in  c o n s t a n t  f o r  u p  t o  8 h o u r s ,  
a n d  i t  w a s  t h e r e f o r e  a ssu m e d  t h a t  t h e  r e s i s t a n c e  o f  t h e  s o l v e n t  r e m a in e d  
c o n s t a n t  f o r  t h e  d u r a t i o n  o f  a  r u n .  T h e s o l v e n t  r e s i s t a n c e  w a s  
m e a s u r e d  u s i n g  t h e  " s h o r t e d "  W h e a t s to n e  b r i d g e  a r r a n g e m e n t .  E l e c t r o l y t e  
c o n d u c t a n c e  m e a s u r e m e n ts  w e r e  c a r r i e d  o u t  b y  s u c c e s s i v e  a d d i t i o n s  o f  
s t o c k  s o l u t i o n s  fr o m  a  g l a s s  s y r i n g e ,  w e ig h e d  b e f o r e  a n d  a f t e r  e a c h  
a d d i t i o n ;  w h i l e  t h e  a d d i t i o n  w a s ‘b e i n g  m a d e , n i t r o g e n  f l o w  w a s  
c o n t i n u e d ,  a n d  t h e  s o l u t i o n  w a s  t h e n  m ix e d  u n t i l  t h e  r e s i s t a n c e  o f  t h e  
s o l u t i o n  b e c a m e  c o n s t a n t  ( a b o u t  20 m i n u t e s ) .
T h e p r o c e d u r e  u s e d  f o r  t h e  m e a su r e m e n t  o f  t h e  r e s i s t a n c e  o f  a  
s o l u t i o n  w a s a s  f o l l o w s .  A n a p p r o x im a t e  v a l u e  o f  t h e  r e s i s t a n c e  o f  
t h e  c e l l  w a s  f i r s t  d e t e r m in e d  b y  a d j u s t i n g  t h e  r e s i s t a n c e  a n d  c a p a c i t a n c e
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b o x e s .  Two n u l l  p o s i t i o n s  o n  t h e  s l i d e  w i r e  w e r e  f o u n d ,  c o r r e s p o n d in g  
t o  t h e  u s u a l  c i r c u i t  o f  t h e  b r i d g e  a n d  t h a t  w i t h  t h e  l e a d s  t o  t h e  r a t i o  
arm  r e v e r s e d ,  r e s p e c t i v e l y .  T h is  w a s  t h e n  r e p e a t e d  a n d  t h e  b a l a n c e  
p o i n t s  r e d e t e r m in e d ,  t h e  s o l u t i o n  b e i n g  m ix e d  b y  n i t r o g e n  f o r  e a c h  
r e a d i n g .  T h e f i n a l  v a l u e  o f  t h e  s o l u t i o n  r e s i s t a n c e  w a s  t a k e n  t o  b e  
t h e  a r i t h m e t i c  m ean  o f  t h e  r e s i s t a n c e  m e a s u r e d .
P o s s i b l e  e r r o r  in t r o d u c e d  i n t o  c o n d u c t i v i t y  m e a s u r e m e n ts  b y
p o l a r i z a t i o n  e f f e c t s  w a s  r e d u c e d  b y  e n s u r in g  t h a t  t h e  1  KHz b r i d g e
v o l t a g e  w a s  a c c u r a t e l y  s i n u s o i d a l .  F u r th e r m o r e ,  tw o  s e t s  o f  r e a d i n g s
w e r e  m ade a t  f r e q u e n c i e s  1  KHz a n d  3  KHz, t o  c h e c k  f o r  p o l a r i z a t i o n
e r r o r s .  T h e d i f f e r e n c e  b e t w e e n  t h e  r e s i s t a n c e s  m e a s u r e d  a t  t h e s e
f r e q u e n c i e s  w a s  n e v e r  m o re  t h a n  0 . 0 2 % a n d  s o  t h e  p o l a r i z a t i o n  e f f e c t
w a s  c o n s i d e r e d  n e g l i g i b l e  f o r  t h e  e l e c t r o l y t e s  s t u d i e d  h e r e .  T h e
c o n c e n t r a t i o n s  o f  t h e  s o l u t i o n s  w e r e  e v a l u a t e d  fr o m  t h e  know n w e i g h t s
o f  t h e  s o l v e n t  an d  s t o c k  s o l u t i o n  u s e d .  T h e d e n s i t y  o f  w a t e r  a t  2 9 8  K
(92)w a s  t a k e n  a s  0 .9 9 7 0 7 ^  J i n  c o n v e r t i n g  t h e  c o n c e n t r a t i o n  t o  v o lu m e  
c o n c e n t r a t i o n  a n d  t h e  e f f e c t  o f  t h e  v e r y  s m a l l  am ou n t o f  t h e  s o l u t e  o n  
t h e  d e n s i t y  o f  t h e  s o l v e n t  w a s  i g n o r e d .  To o b t a i n  t h e  s p e c i f i c  
c o n d u c t a n c e  ( 1 / r e s i s t a n c e  o f  a  1 cm c u b e )  t h e  r e c i p r o c a l  o f  t h e  
m e a s u r e d  r e s i s t a n c e  m u s t  b e  m u l t i p l i e d  b y  a  f a c t o r  d e p e n d e n t  o n  t h e  
s i z e  a n d  s h a p e  o f  t h e  e l e c t r o d e s  a n d  t h e i r  d i s t a n c e  a p a r t .  T h is  f a c t o r  
i s  know n a s  t h e  c e l l  c o n s t a n t  a n d  w a s  d e t e r m in e d  a s  d e s c r i b e d  b e l o w .
I f  R i s  t h e  m e a s u r e d  r e s i s t a n c e * i n  t h e  c e l l  o f  a  s o l u t i o n  o f  s p e c i f i c  
c o n d u c t i v i t y  S ,  t h e n
( 1 /R  “ 1 /R g )  x  c e l l  c o n s t a n t .  = S ( 2 . 1 )
w i t h  Rg i s  t h e  r e s i s t a n c e  w i t h  t h e  s o l v e n t  i n  t h e  c e l l .  T h e m o la r  
c o n d u c t a n c e  o f  t h e  e l e c t r o l y t e  s o l u t i o n  w a s  t h e n  d e t e r m in e d  b y  t h e
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( 1 /R  -  1/TT) x c e l l  c o n s t a n t  x 1 0 3 
A c o n c e n t r a t i o n  ( m o la r )  ( 2 . 2)
C a r e f u l  m e a su r e m e n ts  o f  pH o f  d i l u t e  s o l u t i o n s  o f  m a g n e s iu m  a n d  
m a n g a n e s e  o x a l a t e s  a t  2 9 8  K w e r e  c a r r i e d  o u t  b e c a u s e  o f  t h e  c o m p l i c a t i o n  
in t r o d u c e d  b y  p a r t i a l  h y d r o l y s i s  o f  t h e  i o n s  ( s e e  A p p e n d ix  1 ) .
equation
( i i )  D e t e r m i n a t io n  o f  t h e  C e l l  C o n s t a n t
T h e c e l l  c o n s t a n t  o f  t h e  a u d i o - f r e q u e n c y  c e l l  w a s  u s u a l l y
d e t e r m in e d  b y  a  s e r i e s  o f  m e a s u r e m e n ts  o f  t h e  r e s i s t a n c e  i n  t h e  c e l l  o f
a  p o t a s s i u m  c h l o r i d e  s o l u t i o n  o f  know n c o n c e n t r a t i o n  w h o s e  r e s i s t a n c e s
f e l l  w i t h i n  t h e  r e q u i r e d  r a n g e  ( 8 5 0 - 6 5 0 0  o h m s ) .  T h e s e m i - e m p i r i c a l
('9 3 ')
e q u a t i o n  o f  L in d ,  Z w o le n ik  a n d  F u o s s ^  J w a s  u s e d  f o r  c a l c u l a t i n g  t h e  
c o r r e s p o n d in g  e q u i v a l e n t  c o n d u c t a n c e s
A = 1 4 9 . 9 3  -  9 4 . 6 5 c 2 + 5 8 . 7 4 c  l o g c  + 1 9 8 . 4 c  ( 2 . 3 )
T h is  e q u a t i o n  a p p l i e s  t o  p o t a s s i u m  c h l o r i d e  s o l u t i o n s  i n  w a t e r ,  a t  
2 9 8  K a n d  a t  a n y  c o n c e n t r a t i o n  u p  t o  a b o u t  0 . 0 1 2  m o le  1 1 ,  w i t h  a n  
a c c u r a c y  o f  a b o u t  0 .0 1 3 % . I n  f a c t ,  e q u a t i o n  ( 2 . 3 )  i s  b a s e d  o n  t h e  
F u o s s - O n s a g e r  e q u a t i o n ^ ^ , d e v e l o p e d  i n  1 9 5 5 ,  fr o m  w h ic h  t h e
i
c o e f f i c i e n t s  o f  t h e  c 2 a n d  c l o g c  t e r m s  w e r e  c a l c u l a t e d  u s i n g  a  d i e l e c t r i c  
c o n s t a n t  a n d  v i s c o s i t y  o f  w a t e r  o f  7 8 .5 4  a n d  0 . 0 0 8 9 2 9 ,  r e s p e c t i v e l y .
T h e l i m i t i n g  c o n d u c t a n c e  a t  i n f i n i t e  d i l u t i o n  AQ a n d  t h e  c o e f f i c i e n t  
o f  t h e  c  t e r m  w e r e  w e i g h t e d  a v e r a g e s  o f  n i n e  s e t s  o f  d a t a  f o r  t h e  
c o n d u c t a n c e s  o f  d i l u t e  s o l u t i o n s  o f  p o t a s s i u m  c h l o r i d e ,  b y  v a r i o u s
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C e l l  c o n s t a n t s  f o r  e a c h  p o t a s s i u m  c h l o r i d e  s o l u t i o n  i n  t h e  s e r i e s  
( T a b le  1 0 )  w a s  o b t a i n e d  fr o m  e q u a t i o n  ( 2 . 3 )  b y  c o m p a r is o n  o f  t h e  
o b s e r v e d  c o n d u c t a n c e  w i t h  t h e  c a l c u l a t e d  s p e c i f i c  c o n d u c t a n c e .  From  a  
s e r i e s  o f  c e l l  r e s i s t a n c e s  r a n g in g  f r o m  5 1 0 0  ohm t o  8 8 0  ohm a  m ean  
v a l u e  o f  0 .1 9 4 5 1  cm" 1 w a s  o b t a i n e d .  T h e i n d i v i d u a l  v a l u e s  a r e  g i v e n  
i n  T a b le  1 0 .
T a b le  1 0
I n d i v i d u a l  C e l l  C o n s t a n t s  T “  2 9 8  K
workers, based on the Jones and Bradshaw standards
1 0 4 c /g m  m o le  1 1 C e l l  C o n s t a n t  cm
1 . 3 4 0 5 0 .1 9 4 4 5
2 .1 6 6 1 0 .1 9 4 4 4
2 .9 6 4 0 0 .1 9 4 5 4
4 .1 7 0 7 0 .1 9 4 5 1
5 .6 3 4 5 0 .1 9 4 4 9
7 .7 9 3 0 0 .1 9 4 6 2
1 0 .3 1 8 1 0 .1 9 4 4 7
1 4 .4 5 2 6 0 .1 9 4 5  5
( i i i )  Measurement o f Radio-Frequency Conductance
T h e r a d i o - f r e q u e n c y  c o n d u c t a n c e s  w e r e  d e t e r m in e d  e x p e r i m e n t a l l y
b y  a  r e l a t i v e  m e th o d  w i t h  r e s p e c t  t o  p o t a s s i u m  c h l o r i d e  a s  a  r e f e r e n c e
e l e c t r o l y t e .  H ie  c e l l  c o n s t a n t  o f  t h e  r a d i o - f r e q u e n c y  c e l l  w a s  n o t  
( 9 5 )r e q u ir e d ^  J s i n c e  b o t h  t e s t  a n d  r e f e r e n c e  e l e c t r o l y t e s  w e r e  m e a s u r e d
b y  t h e  sam e c e l l  a n d  a t  t h e  sa m e f r e q u e n c y  w i t h  a p p r o x im a t e ly  t h e  sam e
c e l l  r e s i s t a n c e .  H ie  v a r i a t i o n  i n  c o n d u c t a n c e  w i t h  f r e q u e n c y  f o r  t h e
r e f e r e n c e  e l e c t r o l y t e ,  a s su m e d  c o m p l e t e l y  d i s s o c i a t e d ,  w a s  co m p u te d
( 5 )u s i n g  t h e  F a lk e n h a g e n - L e is t - I C e lb g  e q u a t io n ' -  J .
H ie  e x p e r im e n t a l  t e c h n i q u e  u s e d  w a s  a s  f o l l o w s .  A s d e s c r i b e d  
e a r l i e r  i n  t h i s  s e c t i o n ,  t h e  c l e a n e d  a n d  d r i e d  c o n d u c t a n c e  c e l l  w a s  
w e ig h e d  b e f o r e  an d  a f t e r  f i l l i n g  i t  w i t h  t h e  r e q u i r e d  c o n d u c t i v i t y  
w a t e r ,  a n d  w a s t h e n  c la m p e d  i n  t h e  t h e r m o s t a t  i n  o r d e r  t o  r e a c h , t h e r m a l  
e q u i l i b r i u m .  T h e l o w - f r e q u e n c y  W h e a t s to n e  a n d  t h e  h i g h - f r e q u e n c y  
W a y n e-K er r  b r i d g e s  w e r e  c o n n e c t e d  t o  t h e i r  r e s p e c t i v e  e l e c t r o d e s  i n  
t h e  c o n d u c t a n c e  c e l l .  H ie  r e s i s t a n c e  o f  t h e  w a t e r  w a s  t h e n  m e a s u r e d  
a t  1  KHz f o l l o w e d  b y  i n t r o d u c i n g  a  w e ig h e d  am ou n t o f  s t o c k  s o l u t i o n  o f  
t h e  e l e c t r o l y t e  u n d e r  i n v e s t i g a t i o n .  T h e a u d i o - f r e q u e n c y  r e s i s t a n c e  
( 1  KHz) o f  t h e  r e s u l t i n g  s o l u t i o n  w a s  m e a s u r e d  a f t e r  m ix in g  a n d  
e q u i l i b r a t i o n .  T h e o s c i l l a t o r - d e t e c t o r  S R 268 w a s c o n n e c t e d  t o  t h e  
a p p r o p r i a t e  W a y n e-K er r  b r i d g e ,  a n d  t u n e d  t o  t h e  r e q u i r e d  m e a su r e m e n t  
f r e q u e n c y  u s i n g  t h e  h e t e r o d y n e  f r e q u e n c y  m e t e r .
E l e c t r o l y t e  s o l u t i o n  w a s  t r a n s f e r r e d  t o  t h e  r e q u i r e d  l e v e l  i n  t h e  
r a d i o - f r e q u e n c y  c o m p a r tm e n t ,  w i t h  i t s  e l e c t r o d e s  c o m p l e t e l y  im m e r s e d ,  
b y  p a s s i n g  n i t r o g e n  i n t o  t h e  m a in  b o d y  o f  t h e  c o n d u c t a n c e  c e l l .  H ie  
r a d i o - f r e q u e n c y  b r i d g e  w a s  t h e n  b a la n c e d  b y  u s i n g  t h e  g a i n  c o n t r o l ;  
i t s  s e n s i t i v i t y  w a s  g r a d u a l l y  i n c r e a s e d  a s  t h e  b a l a n c e  p o i n t  w a s  
a p p r o a c h e d .  ( I t  s h o u l d  b e  m e n t io n e d  h e r e  t h a t  i t  w a s  n o t  im p o r t a n t
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t o  t r i m  t h e  r a d i o - f r e q u e n c y  b r i d g e s  b e f o r e  a n y  m e a s u r e m e n ts  w e r e  m ade  
s i n c e  t h e s e  b r i d g e s  w e r e  n o t  b e i n g  u s e d  t o  m ake a b s o l u t e  m e a s u r e m e n t s . )  
T h e s o l u t i o n  w a s t h e n  a l l o w e d  b a c k  t o  t h e  m a in  c e l l  b o d y  ( a u d io ­
f r e q u e n c y  c o m p a r t m e n t ) ,  m ix e d  w i t h  a  s t r e a m  o f  n i t r o g e n ,  a n d  l e f t  t o  
a t t a i n  t h e r m a l  e q u i l i b r i u m  a n d  t o  r e a c h  i t s  e a r l i e r ,  m e a s u r e d  r e s i s t a n c e  
a g a i n .  T h is  p r o c e d u r e  w a s  r e p e a t e d  m any t im e s  t o  g i v e  a  s e r i e s  o f  
v a l u e s  o f  a u d i o - f r e q u e n c y  r e s i s t a n c e s  a n d  c o r r e s p o n d in g  r a d i o - f r e q u e n c y  
b r i d g e  r e a d i n g s  fr o m  w h ic h  t h e  a r i t h m e t i c  m ean  v a l u e  o f  e a c h  w a s  
c o m p u te d . T h e s o l u t i o n  w a s  t h e n  r e m o v e d  fr o m  t h e  c e l l  b y  b lo w in g  i t  
t o  w a s t e  w i t h  n i t r o g e n  a n d  t h e  c e l l  w a s  w a s h e d  t h o r o u g h ly  a f t e r w a r d s  
w i t h  c o n d u c t i v i t y  w a t e r  u n t i l  i t s  r e s i s t a n c e  f e l l  t o  t h a t  o f  f r e s h  
c o n d u c t i v i t y  w a t e r ,  a n d  t h e n  w a s  l e f t  t o  r e a c h  t h e r m a l  e q u i l i b r i u m  a f t e r  
f i l l i n g  i t  w i t h  t h e  c o n d u c t i v i t y  w a t e r  t o  t h e  r e q u i r e d  l e v e l .
I n  t h e  sa m e w ay  t h e  s o l v e n t  r e s i s t a n c e  w a s  m e a s u r e d ,  a n d  a  
s o l u t i o n  o f  p o t a s s i u m  c h l o r i d e  a d d e d  u n t i l  t h e  r e s i s t a n c e  o f  t h e  
s o l u t i o n  f e l l  t o  a p p r o x im a t e l y  t h a t  o f  t h e  i n v e s t i g a t e d  e l e c t r o l y t e  
s o l u t i o n .  A  s e r i e s  o f  a u d i o - f r e q u e n c y  r e s i s t a n c e s  a n d  r a d i o ­
f r e q u e n c y  b r i d g e  r e a d i n g s  w e r e  o b t a i n e d  a s  b e f o r e .  T h e  m ean  v a l u e  o f  
t h e  r a d i o - f r e q u e n c y  b r i d g e  r e a d i n g  o f  t h e  i n v e s t i g a t e d  e l e c t r o l y t e  w a s  
b r a c k e t e d  t h r o u g h  a  v e r y  s l i g h t  a l t e r a t i o n  i n  t h e  c o n d u c t a n c e  o f  t h e  
p o t a s s i u m  c h l o r i d e  s o l u t i o n ,  a c h i e v e d  b y  t h e  a d d i t i o n  o f  d r o p s  o f  
t h i s  r e f e r e n c e  e l e c t r o l y t e  o r  c o n d u c t i v i t y  w a t e r .  V a lu e s  o f  a u d io ­
f r e q u e n c y  r e s i s t a n c e s  a n d  r a d i o - f r e q u e n c y  b r i d g e  r e a d i n g s  w e r e  o b t a i n e d  
f o r  a  s e r i e s  o f  s o l u t i o n s  o f  p o t a s s i u m  c h l o r i d e ,  an d  a  c a l i b r a t i o n  
g r a p h  c o u l d  b e  c o n s t r u c t e d  r e l a t i n g  t h e  r e s i s t a n c e s  o f  t h e  p o t a s s i u m  
c h l o r i d e  s o l u t i o n s  a t  a u d i o - f r e q u e n c y  t o  t h e  c o r r e s p o n d in g  r a d i o ­
f r e q u e n c y  b r i d g e  r e a d i n g s .  L i n e a r  p l o t s  w e r e  o b t a i n e d  f o r  a l l  t h e  
c a l i b r a t i o n  g r a p h s ;  a  t y p i c a l  e x a m p le  i s  sh o w n  i n  F ig u r e  2 . 3  f o r  a
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6 . 6 0 7 0  x 1 0  ** gm e q u i v .  1  1 MgC20 4 s o l u t i o n  a t  1 5  MHz. . From  t h e  
f i g u r e ,  f o r  t h e  sa m e a u d i o - f r e q u e n c y  r e s i s t a n c e  t h e  tw o  s o l u t i o n s  
h a v e  d i f f e r e n t  r a d i o - f r e q u e n c y  c o n d u c t a n c e s , g r e a t e r  f o r  t h e  MgC20  ^
s o l u t i o n .
T h e p e r c e n t a g e  d i s p e r s i o n  a n d  h e n c e  t h e  r a d i o - f r e q u e n c y  c o n d u c t a n c e  
c a n  b e  c a l c u l a t e d  fr o m  t h e  I n f o r m a t io n  p r o v id e d  b y  t h e s e  m e a s u r e m e n ts  
a n d  b y  u s i n g  t h e  c a l i b r a t i o n  g r a p h .  T a k in g  t h e  e x a m p le  o f  m a g n e s iu m  
o x a l a t e  s o l u t i o n  a t  1 5  MHz, t h e  w h o le  c a l c u l a t i o n  m ay b e  d e s c r i b e d  a s  
f o l l o w s : -
T h e  a u d i o - f r e q u e n c y  r e s i s t a n c e  f o r  t h e  MgC.,0^ s o l u t i o n  w a s 3 7 6 1 .5  
o h m s, a n d  i t s  c o r r e s p o n d in g  r a d i o - f r e q u e n c y  d i a l  r e a d i n g  w a s 3 2 7 .4  o n  
t h e  B 801  b r i d g e .  T h e p o t a s s i u m  c h l o r i d e  s o l u t i o n  w i t h  t h e  sam e  
r a d i o - f r e q u e n c y  d i a l  r e a d i n g  o f  3 2 7 .4  h a d  a  1 KHz r e s i s t a n c e  o f  
3 7 0 6 .4  ohms fr o m  t h e  c a l i b r a t i o n  grap h -. So t h e  c o n d u c t a n c e  d i s p e r s i o n  
o f  t h e  MgC20jt s o l u t i o n  c a n  b e  c a l c u l a t e d  b y
w h e r e  Y r e p r e s e n t s  t h e  r e s i s t a n c e  e q u i v a l e n t  t o  t h e  r a d i o - f r e q u e n c y  
b r i d g e .  I n  o r d e r  t o  o b t a i n  Y t h e  p e r c e n t a g e  c o n d u c t a n c e  d i s p e r s i o n  
o f  t h e  p o t a s s i u m  c h l o r i d e  s o l u t i o n  a t  1 5  MHz m u st  b e  t a k e n  i n t o  
c o n s i d e r a t i o n .  T h is  w a s  f o u n d  b y  f i r s t  d e t e r m in in g  t h e  c o n c e n t r a t i o n  
o f  t h e  p o t a s s i u m  c h l o r i d e  s o l u t i o n  w h ic h  h a d  3 7 0 6 .4  ohm s a s  a n  a u d io ­
f r e q u e n c y  r e s i s t a n c e .  F o r  t h i s  p a r t i c u l a r  s o l u t i o n  t h e  s p e c i f i c  
c o n d u c t a n c e ,  a f t e r  c o r r e c t i o n  f o r  t h e  s o l v e n t  c o n d u c t a n c e ,  w a s  3 . 6 1 2  
1 0 ” 5 ohm-1  cm 1 ,
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A g r a p h  w a s c o n s t r u c t e d  o f  s p e c i f i c  c o n d u c t a n c e  (S )  a g a i n s t  c 2 . 
T h is  w a s  f o u n d  b y  u s i n g  t h e  O n s a g e r  l i m i t i n g  la w  fr o m  w h ic h  v a l u e s  o f  
e q u i v a l e n t  c o n d u c t a n c e ,  A a n d  h e n c e  s p e c i f i c  c o n d u c t a n c e ,
S  = A c /1 0 0 0  w e r e  c a l c u l a t e d  f o r  KC1 s o l u t i o n  an d  f o r .  a  s e r i e s  o f
I n t e r p o l a t i o n  fr o m  t h e  S / c 2 g r a p h  t h e  v a l u e  o f  t h e  c o n c e n t r a t i o n
t o  c a l c u l a t e  t h e  t r u e  c o n d u c t a n c e  d i s p e r s i o n  o f  t h e  KC1  s o l u t i o n .
( T h is  w a s b a s e d  o n  t h e  a s s u m p t io n  t h a t  KC1 i s  c o m p l e t e l y  d i s s o c i a t e d  
i n  d i l u t e  a q u e o u s  s o l u t i o n . )
A s i l l u s t r a t e d  i n  F i g u r e s  2 . 4  a n d  2 . 5 ,  a  s e r i e s  o f  g r a p h s  o f  
d i s p e r s i o n s  w e r e  c o n s t r u c t e d  f o r  p o t a s s i u m  c h l o r i d e  a g a i n s t  t h e  r e q u i r e d  
r a n g e  o f  c o n c e n t r a t i o n  a t  v a r i o u s  f r e q u e n c i e s , fro m  w h ic h  a n y  d i s p e r s i o n
c o n c e n t r a t i o n s ,  c  i n  t h e  r a n g e  1 0 ” ** t o  1 0  3 gm e q u i v .  SL 1 * By
f o r  t h e  p o t a s s i u m  c h l o r i d e  s o l u t i o n  h a v in g  a  s p e c i f i c  c o n d u c t a n c e  o f  
3 . 6 1 2  x  i o ~ 5 ohm- 1  cm" 1 w a s  f o u n d  t o  b e  2 . 4 2  x  IO " 4 gm e q u i v .  &"1 .
U s in g  t h e  l i m i t i n g  la w  o f  O n s a g e r  i n  t h e  fo rm
( 2 . 5 )
a n d  r e - a r r a n g i n g  g i v e s
IO 3 S (2 .6)c T2
■ A0 -  <Ai Ao +
F o r  a q u e o u s  KC1 s o l u t i o n s  a t  2 9 8 ° K , Aq «  1 4 9 . 9 3 ,  A t = 0 . 2 2 9 2 ,  
a n d  A 2 = 6 0 . 3 2 .  U s in g  t h e  i n i t i a l  v a l u e  o f  2 .4 2  x  1 0  a s  a  f i r s t
a p p r o x im a t io n  i n  t h e  d e n o m in a t o r ,  a  c o n s t a n t  v a l u e  o f  2 .3 9 5 4  x 10  gm
e q u i v .  I  1 , w a s  q u i c k l y  o b t a i n e d  a f t e r  t w i c e  r e c y c l i n g .  T h en  t h i s
f i n a l  v a l u e  o f  c  w a s  u s e d  i n  t h e  F a l k e n h a g e n - L e i s t - K e l b g ^  e q u a t i o n
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a t  a  p a r t i c u l a r  c o n c e n t r a t i o n  a n d  f r e q u e n c y  c a n  b e  i n t e i p o l a t e d ,  a n  a  
v a l u e  o f  0 . 3 1 4  n m ^ 2  ^ w a s  u s e d  i n  a l l  a b o v e  c a l c u l a t i o n s  b y  t h e  ELK 
e q u a t i o n .  T h e i n t e r p o l a t e d  d i s p e r s i o n  o f  2 .3 9 5 4  gm e q u i v .  it" 1 w a s  
f o u n d  t o  b e  0 .2 3 % .
T h e n , t h e  v a l u e  o f  Y w i l l  b e  g i v e n  b y
v  _  3 7 0 6 .4  x 1 0 0  _  n 3
Y ~  ( 1 0 0  * 0 . 2 3 )  -  3 6 9 7 -9 ohms
T h u s ,  t h e  t o t a l  p e r c e n t a g e  d i s p e r s i o n  f o r  M g C ^  a t  1 5  MHz c a n  
b e  c a l c u l a t e d  fr o m  ( 2 . 4 )  t o  b e
3 7 0 6 . 4 - 3 6 9 7 . 9
3 7 0 6 .4 x  100% = 1.69%
A f t e r  c o r r e c t i n g  f o r  t h e  s o l v e n t  c o n d u c t a n c e ,  t h e  e q u i v a l e n t  
c o n d u c t a n c e  o f  t h e  MgC20 lf a t  a u d i o - f r e q u e n c y  w a s f o u n d  t o  b e  8 2 . 7 7 ,  
t h e r e f o r e  t h e  e q u i v a l e n t  c o n d u c t a n c e  a t  1 5  M lz w a s  c a l c u l a t e d  fr o m
A = 8 2 .7 7  x ..f iP P .^ ^ ^ ‘ 6 9 )  _  8 4 .1 7  q J ^  1 e q u i v .  £  1
I t  i s  c l e a r  t h a t  t h e  m e th o d  o f  u s i n g  KC1 a s  a  r e f e r e n c e  
e l e c t r o l y t e  d o e s  n o t  r e q u i r e  t h e  r a d i o - f r e q u e n c y  c e l l  c o n s t a n t .
T h e p r a c t i c a l  d i s a d v a n t a g e  o f  t h i s  m e th o d  i s  t h a t  t h e  e l e c t r o l y t e  
u n d e r  i n v e s t i g a t i o n  h a s  t o  b e  r e p l a c e d  b y  p o t a s s i u m  c h l o r i d e ,  d u r in g  
e a c h  r u n ;  t h e  s i m p l e  d i l u t i o n  r u n  t e c h n i q u e  c o u l d  n o t  b e  u s e d .
T h e u s e  o f  p o t a s s i u m  c h l o r i d e  a s  r e f e r e n c e  e l e c t r o l y t e  i s  
p a r t i c u l a r l y  s u i t a b l e  s i n c e  i t  i s  e a s i l y  p u r i f i e d ,  a n d  i t s  c o n d u c t a n c e  
d i s p e r s i o n  w i t h  f r e q u e n c y  i s  a lw a y s  c o n s i d e r a b l y  l e s s  t h a n  t h e  m o r e
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F IG U R E  2 .4
PERCENTAGE DISPERSION OF KC| SOLUTIONS
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FIGURE 2 -5
PERCENTAGE DISPERSION OF KCI SOLUTIONS
1 0 C, m ole 1 1
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R e f e r r i n g  t o  t h e  a s s u m p t io n  o f  c o m p le t e  d i s s o c i a t i o n ,  t h i s  w a s  
v e r i f i e d  b y  e x a m in in g  t h e  c o n d u c t a n c e  b e h a v io u r  o f  p o t a s s i u m  c h l o r i d e  
i n  a  m ix e d  s o l v e n t  s y s t e m  o f  v a r i a b l e  d i e l e c t r i c  c o n s t a n t .  P o t a s s iu m  
c h l o r i d e  h a s  s m a l l  i o n s ;  s i n c e  a s s o c i a t i o n  d e p e n d s  o n  t h e  B je r r u m  
p a r a m e t e r  b  = e 2 / a  DKT , a s s o c i a t i o n  w a s  e x p e c t e d  t o  b e c o m e  s i g n i f i c a n t  
a t  lo w e r  d i e l e c t r i c  c o n s t a n t s  t h a n  t h a t  o f  w a t e r .  F o r  t h i s  p u r p o s e ,  
t h e  c o n d u c t a n c e  o f  p o t a s s i u m  c h l o r i d e  h a s  b e e n  m e a s u r e d  i n  d i o x a n e -  
w a t e r  m ix t u r e s  a t  2 9 8  K o v e r  t h e  c o m p o s i t io n  r a n g e  10% -  80% d i o x a n e .  
A s s o c i a t i o n  t o  i o n  p a i r s  b e c o m e s  a p p a r e n t  a t  v a l u e s  o f  d i e l e c t r i c  
c o n s t a n t  b e lo w  4 0  ( s e e  A p p e n d ix  2 ) .
highly charged salts investigated in  the present w ork^2^.
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PART I I I  
SECTION 1
TREATMENT OF RESULTS
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Q n s a g e r ’s  l i m i t i n g  e q u a t i o n  a g r e e s  w i t h i n  e x p e r im e n t a l  e r r o r  w i t h  
t h e  d a t a  f o r  n u m ero u s u n i - u n i v a l e n t  s a l t s  i n  w a t e r  u p  t o  0 . 0 0 1  M. 
A g r e e m e n t  w i t h  e x p e r im e n t  i s  a l s o  f o u n d  f o r  m o s t  u n i - b i v a l e n t  a n d  u n i -  
t e r v a l e n t  s a l t s ,  b u t  w i t h  a n  i n c r e a s e  o f  t h e  v a l e n c y  p r o d u c t  t o  f o u r  
t h i s  i s  n o  l o n g e r  t r u e .  A  m uch s t e e p e r  s l o p e  o f  t h e  e x p e r im e n t a l  
p o i n t s  t h a n  t h e  t h e o r e t i c a l  O n s a g e r  v a l u e  i s  u s u a l l y  o b t a i n e d  w h e n  t h e  
e q u i v a l e n t  c o n d u c t a n c e  o f  a  b i - b i v a l e n t  s a l t  i s  p l o t t e d  a g a i n s t  t h e  
s q u a r e  r o o t  o f  t h e  c o n c e n t r a t i o n .  T h e i n c r e a s i n g  d i v e r g e n c e ,  w i t h  
i n c r e a s i n g  c o n c e n t r a t i o n ,  o f  t h e  e x p e r im e n t a l  fr o m  t h e  t h e o r e t i c a l  
c o n d u c t a n c e  i n  s u c h  c a s e s  c a n  b e  a t t r i b u t e d  t o  i o n - p a i r  f o r m a t i o n ,  
d e s c r i b e d  b y  , t h e  th e r m o d y n a m ic  a s s o c i a t i o n  c o n s t a n t .  m ay b e
d e r i v e d  i f  i t  i s  a s su m e d  t h a t  t h e  f r e e  i o n s  o b e y  t h e  l i m i t i n g  e q u a t i o n ,  
t h a t  t h e  i o n - p a i r  i s  n o n - c o n d u c t in g  an d  t h a t  i t s  a c t i v i t y  c o e f f i c i e n t  
i n  d i l u t e  s o l u t i o n  i s  u n i t y .  I n  t h i s  c a s e ,  t h e  c o n d u c t a n c e  e q u a t io n  
c h o s e n  f o r  r e p r e s e n t i n g  t h e  p h o r e o g r a m  o f  a  g i v e n  s a l t  i n  a  p a r t i c u l a r  
s o l v e n t  i s  a  f u n c t i o n  o f  t h e  t h r e e  p a r a m e t e r s  , AQ an d  a  . I n  
t h i s  s e c t i o n ,  v a r i o u s  a v a i l a b l e  m e th o d s  w i l l  b e  r e v i e w e d  f o r  t h e  
c o m p u t a t io n  o f  ,  AQ a n d  a  fr o m  c o n d u c ta n c e  d a t a  w h ic h  m ay b e  
c o n v e n i e n t l y  d i v i d e d  i n t o  tiro  c l a s s e s : e x t r a p o l a t i o n  a n d  m i n i m i s a t i o n
t e c h n i q u e s .  F o r  t h e  a n a l y s i s  o f  t h e  e x p e r im e n t a l  c o n d u c t a n c e  d a t a ,  
c o m p u te r  p r o g r a m s h a v e  b e e n  c o n s t r u c t e d  f o r  b o t h  t h e  e x t r a p o l a t i o n  an d  
m i n i m i s a t i o n  t e c h n i q u e s .
( i )  E x t r a p o l a t i o n  M e th o d s
I t  i s  e v i d e n t  t h a t  f o r  a l l  e l e c t r o l y t e s  i n  s o l v e n t s  o f  lo w e r  
d i e l e c t r i c  c o n s t a n t ,  e v e n  t h o s e  w h ic h  a r e  s t r o n g  i n  w a t e r ,  d i s s o c i a t i o n  
i s  in c o m p l e t e  a t  a c c e s s i b l e  c o n c e n t r a t i o n s .  I t  h a s  b e e n  p r o p o s e d  t h a t
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a  m a ss  a c t i o n  e f f e c t  b e  c o m b in e d  w i t h  t h e  i n t e r i o n i c  e f f e c t  i n  o r d e r  t o  
a c c o u n t  f o r  t h e  o b s e r v e d  c o n d u c t a n c e  v a l u e s .  T h is  s u g g e s t i o n  w a s  f i r s t  
m ade b y  D a v ie s  f o r  v a r i o u s  e l e c t r o l y t e s  i n  w a t e r  a n d  s h o r t l y  a f t e r ^  
w a r d s  b y  S h e r r i l l  an d  N o y e s  a n d  b y  M a c l n n e s ^ 4 ' . An e x t r a p o l a t i o n  
m e th o d  b a s e d  o n  t h e  O n s a g e r  e q u a t i o n ^  h a s  b e e n  a p p l i e d  b y  D a v ie s  
t o  n o n - a q u e o u s  s o l u t i o n s .  T h e d i v e r g e n c e  o f  t h e  e x p e r im e n t a l  s l o p e  
fr o m  t h e  t h e o r e t i c a l  O n s a g e r  v a l u e  w a s  a t t r i b u t e d  b y  D a v ie s  t o  i o n
a s s o c i a t i o n ;  h e  d e v e l o p e d  a n  e x t r a p o l a t i o n  m e th o d  i n  w h ic h  i s
d e t e r m in e d  a t  e a c h  c o n c e n t r a t i o n  an d  t h e  f i n a l  c h o i c e  o f  m ade b y
e x t r a p o l a t i o n  o f  a  v s .  C p l o t  t o  z e r o  c o n c e n t r a t i o n .  T h e D e b y e -
H u c k e l  l i m i t i n g  la w  ( 1 . 2 2 )  w a s  u s e d  b y  D a v ie s  i n  h i s  o r i g i n a l  
c a l c u l a t i o n s  f o r  t h e  m ean  i o n  a c t i v i t y  c o e f f i c i e n t s  o f  t h e  f r e e  i o n s .  
H o w e v e r , t h e  c a l c u l a t i o n s  m ay b e  e x t e n d e d  t o  h i g h e r  c o n c e n t r a t i o n s  b y  
u s i n g  t h e  e x t e n d e d  fo r m  o f  t h e  D e b y e -H u c k e l l i m i t i n g  la w  i n c o r p o r a t i n g  
t h e  a. p a r a m e t e r  ( 1 . 2 4 )  o r  b y  u s i n g  D a v i e s ’ s  e m p i r i c a l  e q u a t i o n
-  L o g 10f  = O .S  z 3z 2
1
I 2
- t o  -  0 . 3 1  
l+ I 5
( 3 . 1 )
w h ic h  c o r r e s p o n d s  t o  t h e  c h o i c e  o f  a  = 0 . 4 3  nm .
A k n o w le d g e  o f  t h e  e q u i v a l e n t  c o n d u c t a n c e  a t  z e r o  c o n c e n t r a t i o n  i s  
r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  o f  a s s o c i a t i o n  c o n s t a n t s  b y  t h e  
c o n d u c t i v i t y  m e th o d , a n d  i s  u s u a l l y  o b t a i n e d  b y  a p p l i c a t i o n  o f  t h e  la w  
o f  in d e p e n d e n t  m o b i l i t i e s  o f  i o n s .
F o r  a n  e x a c t  c o m p a r is o n  o f  t h e o r y  a n d  e x p e r im e n t ,  h o w e v e r ,  a n y  
e n p i r i c a l  e x t r a p o l a t i o n  f u n c t i o n  m ay b e  e x p e c t e d  t o  l e a d  t o  an  e r r o r  i n  
t h e  v a l u e  o f  Aq w h ic h  i n  t u r n  m ay in d u c e  a  r e l a t i v e l y  l a r g e  e r r o r  i n  
t h e  v a l u e  f o u n d  f o r  . I t  t h e r e f o r e  b e c o m e s  n e c e s s a r y  t o  e v a l u a t e
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Aq a n d  fr o m  t h e  c o n d u c t a n c e  d a t a  f o r  t h e  e l e c t r o l y t e  i t s e l f .  I n  
t h i s  r e s p e c t ,  tw o  e x t r a p o l a t i o n  m e th o d s  h a v e  b e e n  p r o p o s e d .
A  c o n v e n i e n t  m e th o d  o f  e x t r a p o l a t i o n  w a s d e v e l o p e d  b y  F u o s s  an d  
K ra u s r e f e r r i n g  t o  t h e  i n t e r i o n i c  a t t r a c t i o n  t h e o r y ;  t h e  m o b i l i t i e s
v a r y  l i n e a r l y  w i t h  t h e  s q u a r e  r o o t  o f  t h e  i o n i c  c o n c e n t r a t i o n s .  S o ,  
t h e y  s t a r t e d  w i t h  t h e  D e b y e - H u c k e l-O n s a g e r  l i m i t i n g  la w  f o r  b i n a r y  
e l e c t r o l y t e s
A . -  a (A o  - g C a c p )  ( 3 . 2 )
w h e r e  a  i s  t h e  d e g r e e  o f  d i s s o c i a t i o n  d e f i n e d  a s  t h e  r a t i o  o f  t h e  
c o n c e n t r a t i o n  o f  f r e e  i o n s  t o  t h e  s t o i c h i o m e t r i c  c o n c e n t r a t i o n  c  an d  
iS  i s  t h e  O n s a g e r  c o e f f i c i e n t ,  d e f i n e d  i n  T a b le  2 . E q u a t io n  ( 3 . 2 )  w a s  
s o l v e d  f o r  a  i n  t e r m s  o f  a  f u n c t i o n F ( z )  w h e r e
z  =S (c A D V a / 2 ( 3 . 3 )
a n d
a  = A /(A q F ( z ) )  ( 3 . 4 )
F ( z )  v a l u e s  h a v e  b e e n  t a b u l a t e d  b y  F u o s s  ^ 2  ^ f o r  0  <  z  0 . 2 0 9 ,  
c o r r e s p o n d in g  t o  a n  u p p e r  l i m i t  o f  a b o u t  1 0 " 2 e q u i v .  l " 1 f o r  1 : 1  
e l e c t r o l y t e s .  S u b s t i t u t i n g  e q u a t i o n  ( 3 . 4 )  i n  t h e  m a ss  a c t i o n  e q u a t i o n  
( 1 . 21)  a n d  r e - a r r a n g i n g  g i v e s
F ( z ) / A  = 1 /A q + c A f ^ / A 2 F ( z )  , ( 3 . 5 )
C o n s e q u e n t ly ,  a  p l o t  o f  ( F ( z ) / A )  a g a i n s t  ( c A f 2/ F ( z ) )  w i l l  d e t e r m in e  
(K ^ /A 2) an d  ( 1 /A q ) a s  s l o p e  a n d  i n t e r c e p t ,  w h e n c e  a n d  Aq . A
s t a r t i n g  v a l u e  f o r  AQ c a n  b e  o b t a i n e d  b y  a  f r e e - h a n d  e x t r a p o l a t i o n  o f
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a  A - c 2 c u r v e ;  t h e n  a f t e r  o n c e  e x t r a p o l a t i n g  b y  m ean s o f  ( 3 . 5 ) ,  t h e  
v a l u e  o f  Aq s o  o b t a i n e d  c a n  b e  r e c y c l e d  t o  o b t a i n  a  s e c o n d  a p p r o x i ­
m a t io n  f o r  A^ a n d  K. .
o  A  •
( 1 0 3 )
S h e d l o v s k y v J l a t e r  p r o p o s e d  t h e  e q u a t io n
A = a  A0  - g ( A / A 0) ( c a ) J ( 3 . 6 )
1
t h i s  e q u a t i o n  i s  a  q u a d r a t i c  i n  a 2 a n d  i s  t h e r e f o r e  m uch s i m p l e r  t o
i
s o l v e  t h a n  e q u a t i o n  ( 3 . 2 ) ,  w h ic h  i s  a  c u b i c  i n  c 2 . T h e  s o l u t i o n  o f  
( 3 . 6 )  m ay t h e n  b e  w r i t t e n  a s
a  = & ( z )  A /A q ( 3 . 7 )
w h e r e
S ( z )  = 1  + Z + z 2 / 2  + z%  + . . .  ( 3 . 8 )
w i t h  z  d e f i n e d  b y  ( 3 . 3 ) .  S u b s t i t u t i n g  i n  ( 1 . 2 1 )  a n d  r e - a r r a n g i n g  
g i v e s
1 / A g C z )  = c A f |  S ( z ) / K a  A2 + 1 /A q ( 3 . 9 )
T h e  f u n c t i o n  g  ( z )  i s  r a p i d l y  c o n v e r g e n t  f o r  s m a l l  v a l u e s  o f  z  a n d  
i t  i s  s e ld o m  n e c e s s a r y  t o  u s e  m o re  t e r m s  t h a n  t h e  c u b i c  i n  z  . A
t a b l e  o f  v a l u e s  o f  S ( z )  i s  u n n e c e s s a r y  s i n c e  i t s  v a l u e  i s  r e a d i l y  
c a l c u l a t e d .
.T h u s, a - p l o t  o f  1 / A £ ( z )  ,  a s  o r d i n a t e ,  a n d  c A f 2 $ ( z )  , a s  
a b s c i s s a ,  a g a i n  d e t e r m in e s  AQ a n d  . T h e i n t e r c e p t s  o f  e q u a t i o n
( 3 . 5 )  a n d  ( 3 . 9 )  a r e  f o u n d  t o  b e  i d e n t i c a l ,  b u t  t h e  s l o p e s ,  a n d  t h e r e ­
f o r e  t h e  d i s s o c i a t i o n  c o n s t a n t s ,  a r e  s o m e t im e s  d i f f e r e n t .  F u o s s
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t h e  tw o  m e th o d s  w i l l  n o t  d i f f e r  s i g n i f i c a n t l y  w h en  i s  l e s s  t h a n
m ea n s o f  ( 3 . 9 )  i n  t h e  a p p r o x im a t e  r a n g e  1 0 3 <  K» <  1 . I n  t h e  p r e s e n t
f o r  M g, M i ( I I )  a n d  B a d i t h i o n a t e s ,  t r e a t i n g  t h e  e x p e r im e n t a l  d a t a  b y  
t h e  m e th o d  o f  l e a s t  s q u a r e s  i n  w h ic h  a  p a r t i a l  a l l o w a n c e  c a n  b e  m ade  
f o r  i o n  s i z e  b y  u s e  o f  a n  a c t i v i t y  c o e f f i c i e n t  e q u a t i o n  s u c h  a s  ( 3 . 1 )  o r  
( 1 . 2 4 ) .  I n  a d d i t i o n ,  a  c o n s i s t e n t  e x t r a p o l a t i o n  f u n c t i o n  w a s  u s e d  f o r  
t h e  sam e s a l t s  b y  u t i l i s i n g  t h e  c o n d u c t a n c e  e q u a t i o n s  i n c o r p o r a t i n g  a  , 
i n  o r d e r  t o  c h a r a c t e r i s e  t h e  b e h a v io u r  o f  t h e  f r e e  i o n s .  T h e  
d e r i v a t i o n  o f  t h e  f u n c t i o n  c a n  b e  d e s c r i b e d  a s  f o l l o w s :  T h e t h e o r e t i c a l
f u n c t i o n  f o r  t h e  c o n d u c t a n c e  w i l l  b e  c h a n g e d  fr o m  d e p e n d e n c e  u p o n  
s t o i c h i o m e t r i c  c o n c e n t r a t i o n  c
a b o u t  1 0 3 1 m o le  1 . H o w e v e r , t h e y  recom m en d ed  t h e  e x t r a p o l a t i o n  b y
w o r k  t h e  a b o v e  m e th o d s  o f  F u o ss-IC r a u s  a n d  S h e d lo v s k y ^ ^ * ^  w e r e  u s e d
A = f ( c ;  AQ, a ,  z ) ( 1 .3 0 )
t o  i o n i c  c o n c e n t r a t i o n  a c
A = a  f ( a c ;  Aq , a ,  z ) ( 1 . 3 1 )
S o  i f  t h e  e x p e r im e n t a l  c o n d u c t a n c e  v a l u e ,  &eXp  > a t  c o n c e n t r a t i o n  c  ,
i s  s e t  e q u a l  t o  t h e  v a l u e  i n  ( 1 . 3 1 ) ,  o n e  o b t a i n s
( 3 . 1 0 )
a n d  i n t r o d u c i n g  t h e  f u n c t i o n  $
4  " A /A 0 (3.11)
the value o f a in  (3.10) becomes
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b y  s u b s t i t u t i o n  o f  e q u a t i o n  ( 3 . 1 2 )  i n  t h e  m a ss  a c t i o n  e q u a t i o n  ( 1 . 2 1 )  
a n d  r e - a r r a n g e m e n t  g i v e s
< Ae x p  " 1 /A o  + cAe x p T  V *  Ao < 3 - 1 3 ^
a n d  a  p l o t  o f  a g a i n s t  ( c A g ^ f 2 / ^ )  w i l l  d e t e r m in e  K ^/A 2
a n d  1 /A q a s  s l o p e  a n d  i n t e r c e p t ,  w h e n c e  a n d  Aq . T h is  e x t r a ­
p o l a t i o n  m e th o d  w a s  a p p l i e d  b y  u s i n g  t h e  c o m p le t e  fo r m s  o f  P i t t s  ^  a n d
. M en ( 5)
F u o s s -H s ia ^ -  J e q u a t i o n s  a n d  t h a t  o f  F a lk e n h a g e n - L e is t - J < e lb g L t h e
sa m e  v a l u e  o f  a  i n  t h e s e  c o n d u c t a n c e  e q u a t i o n s  w a s u s e d  i n  t h e
e x t e n d e d  D e b y e -H u c k e l e q u a t i o n  ( 1 . 2 4 )  t o  c a l c u l a t e  t h e  a c t i v i t y  
n i l )
c o e f f i c i e n t s v J . T h is  e x t r a p o l a t i o n  m e th o d  w a s  p rogram m ed  i n  A l g o l  
f o r  a n  ICL 1 9 0 5 F  c o m p u te r .  A  b a s i c  f l o w  d ia g r a m  o f  t h e  p r o g r a m  i s  
sh o w n  o n  p a g e  99 ; t h i s  h a s  b e e n  d e s c r i b e d  b y  P e n g i l l y ^ ^ , s o  t h a t  
o n l y  a  b r i e f  o u t l i n e  o f  t h e  m e th o d  w i l l  b e  g i v e n .  T h e d e g r e e  o f  
d i s s o c i a t i o n  a  w a s ,  a s  a  f i r s t  a p p r o x im a t io n ,  s e t  e q u a l  t o  1 .  T h e  
t h e o r e t i c a l  c o n d u c t a n c e  w a s  t h e n  c a l c u l a t e d  an d  a  w a s  s e t  e q u a l  t o
( 3 . 1 0 ) .  T h is  p r o c e d u r e  w a s  r e p e a t e d  u n t i l  a  w a s  c o n s t a n t  t o  w i t h i n  
± 0 . 0 0 0 1 .  F o r  e a c h  e x p e r im e n t a l  p o i n t  t h e  q u a n t i t i e s  (j), <|>/A , an d6Xp
cA -ex p f2 / ^  w e r e  t h e n  c a l c u l a t e d .  A g a in  t h i s  w a s  r e p e a t e d  f o r  a l l  t h e
e x p e r im e n t a l  p o i n t s ,  a n d  t h e  b e s t  v a l u e s  o f  t h e  g r a d i e n t ,  G , a n d  o f
t h e  i n t e r c e p t ,  (J  ,  w e r e  o b t a in e d * b y  l e a s t  s q u a r e s  t r e a t m e n t  o f  t h e  d a t a .
T h e w h o le  c o m p u t a t io n  w a s  r e p e a t e d  w i t h  t h i s  I n i t i a l  v a l u e  o f  AQ ,
u n t i l  s u c c e s s i v e  A - v a l u e s  w e r e  c o n s t a n t  t o  w i t h i n  ± 0 .0 0 1  c o n d u c t a n c e  
o
u n i t s .  T h e p r i n t e d  o u t p u t  t h e n  c o n t a i n s  t h e  f i n a l  v a l u e s  o f  a n d
« -  Aexp/<DA0 , (3.12)
Ao
T h e a b o v e  m e th o d s  o f  e x t r a p o l a t i o n  h a v e  b e e n  u s e d  f o r  c o n d u c t a n c e
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*
INPUT: Aq> N , M, z ,  Q ,  q ,  T , F
FLOW DIAGRAM FOR EXTRAPOLATION PLOT
CL, A f  ( i  = 1  . . .  N ) ; ( j  = 1 . . .  M)
OUTPUT: Ka , Aq , B
B = STANDARD DEVIATION
A = A ( .
o  o  (n ew )
*
N = p a i r s  o f  c o n d u c t a n c e s  a n d  c o n c e n t r a t i o n s
= Ci  Ai  ( i  = 1 . . .  N) ,
M = a - p a r a m e t e r  v a l u e s , a^ ( j  = 1 . . .  M)
F = Frequency = 0.001 MHz
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m e a s u r e m e n ts  a t  a u d i o - f r e q u e n c y  o f  t h e  d i  t h i o n a t e  s a l t s  t o  d e t e r m in e  
a n d  Aq v a l u e s  f o r  s p e c i f i e d  i n p u t  a - v a l u e s  a n d  t h e  r e s u l t s  a r e  
t a b u l a t e d  f o r  a - v a l u e s  o f  0 . 4 ,  1 . 0  a n d  1 . 4  nm , c o r r e s p o n d in g  t o  D e n i s o n -  
R a m s e y -F u o ss  , E i g e n ^ ^  a n d  B j e r r u m m o d e l s  r e s p e c t i v e l y .
V i s u a l  i n s p e c t i o n  o f  e x t r a p o l a t i o n  p l o t s  sh o w e d  n o  a p p a r e n t  d e v i a t i o n
\
f r o m  a  s t r a i g h t  l i n e ,  w i t h i n  t h e  e x p e r im e n t a l  s c a t t e r .
To i l l u s t r a t e  t h e  a b o v e  v a r i o u s  e x t r a p o l a t i o n  m e t h o d s ,  t h e  d a t a  
o f  D u n sm ore a n d  J a m es f o r  m a g n e s iu m  s u l p h a t e  w a s  u s e d .  T h e v a l u e s
o f  a n d  Aq o b t a i n e d  f r o m  t h e s e  d a t a  a r e  s h o r n  i n  T a b le  1 1 ,  
d e t e r m in e d  a t  a  n u m b er o f  i n p u t  a - v a l u e s :  0 . 4 ,  1 . 0  a n d  1 . 4  nm .
T a b le  1 1
K / 'a n d  A„ V a lu e s  f o r  MgSO,. b y  E x t r a p o l a t i o n  M e th o d s  
— o. + fl  HA)
-  D a ta  o f  D urism ore a n d  J a n ies   ^ '
C o n d u c ta n c e
E q u a t io n
a
n m . ka
A
0
a
.nm .
» - -1
ka
A
0
a
nm .
KA
A
0
!
L i m i t i n g
la w * 0 . 4 1 3 2 . 4 1 3 2 .3 6
1 . 0 1 2 3 . 0 1 3 2 . 1 0 1 . 4  . 1 1 9 . 3 1 3 1 .9 6
L i m i t i n g
la w * * 0 . 4 1 3 7 . 3 1 3 2 .0 7 1 . 0 1 2 9 .2 1 3 2 .0 7 1 . 4 1 2 5 . 0 1 3 1 .8 6
P i t t s 4 0 . 4 1 2 7 . 9 1 3 2 .9 7 1 . 0 1 9 5 .8 1 3 3 .2 6 1 . 4 2 2 2 .0 1 3 3 .3 4
F-H 4 0 . 4 9 4 . 1 1 3 2 .8 5 1 . 0 1 8 3 .9 1 3 3 .3 4 1 . 4 2 2 1 .5 1 3 3 . 4 0
FLK4 0 . 4 1 7 7 . 3 1 3 2 .9 4 1 .0 1 9 8 .9 1 3 2 .9 8 1 . 4 2 0 4 .2 1 3 2 .9 8
* .
e x t r a p o l a t e d  b y  S h e d lo v s k y  ( 3 . 9 )  
e x t r a p o l a t e d  b y  F u o s s -K r a u s  ( 3 . 5 )
+
extrapolated by function (3.13)
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I t  i s  o f  i n t e r e s t  t o  n o t i c e  fr o m  T a b le  1 1  t h a t  t h e  v a l u e s  o f  
a n d  Aq o b t a i n e d  fr o m  t h e  l i m i t i n g  la w  b y  S h e d lo v s k y  a n d  F u o ss-IC r a u s  
e x t r a p o l a t i o n  a r e  s i g n i f i c a n t l y  m uch lo w e r  t h a n  t h o s e  v a l u e s  g a i n e d  
fr o m  o t h e r  c o n d u c t a n c e  e q u a t i o n s  b y  u s i n g  f u n c t i o n  ( 3 . 1 3 ) .  M o r e o v e r ,  
b o t h  a n d  Aq d e c r e a s e  w i t h  i n c r e a s i n g  a - p a r a m e t e r  i n  t h e  f i r s t  
c a s e ,  a n d  i n c r e a s e  w h e n  u s i n g  t h e  e x t r a p o l a t i o n  f u n c t i o n  ( 3 . 1 3 ) .  T h e  
d e c r e a s e  i n  w i t h  a  , i n  t h e  S h e d lo v s k y  an d  F u o s s -K r a u s  m e t h o d ,  c a n  
b e  a t t r i b u t e d  t o  n o t  i n c l u d i n g  a  i n  t h e  c o n d u c t a n c e  e q u a t i o n  b u t  o n l y  
i n  t h e  a c t i v i t y  c o e f f i c i e n t  e x p r e s s i o n .
T h e r e a s o n  f o r  t h e  i n c r e a s e  o f  K^ w i t h  i n c r e a s e  o f  a  b y  u s i n g  
f u n c t i o n  ( 3 . 1 3 )  c a n  b e  e x p l a i n e d  q u a l i t a t i v e l y  fr o m  t h e  f o l l o w i n g :  A n
i o n  i n  t h e  s p h e r i c a l  s h e l l  o f  t h e  i o n  a t m o s p h e r e ,  o p p o s i t e  i n  s i g n  t o  
t h e  r e f e r e n c e  i o n ,  w a s f o r m e r ly  r e g a r d e d  a s  b e i n g  f r e e ,  b u t  i n  c h a n g in g  
a  fr o m  a x t o  a 2 ( a 2 > a 2) t h e n  t h e  sam e i o n  i n  t h e  s p h e r i c a l  s h e l l  
4/3T T (a2 -  a 3)  w i l l  n ow  b e  c l a s s e d  a s  a s s o c i a t e d  a n d  t h e  v a l u e  o f  K^ 
s h o u l d  b e  i n c r e a s e d .  T h is  e x p l a i n s  t h e  r e s u l t s  i n  T a b le  1 1  o b t a i n e d  
fr o m  f u n c t i o n  ( 3 . 1 3 )  b y  u s i n g  t h e  P i t t s ,  F u o s s - H s ia  a n d  F a lk e r ih a g e n -  
L e i s t - K e l b g  c o n d u c t a n c e  e q u a t i o n s . T h e sam e t r e n d  w a s  f o u n d  b y  
P e n g i l l y ^ 7  ^ i n  h i s  a n a l y s i s  f o r  MgSC%. K a t a y a m a ^ 7  ^ i n  h i s  ow n  
a n a l y s i s  f o r  t h i s  s a l t  a t  v a r i o u s  t e m p e r a t u r e s  b y  a n o t h e r  c o n d u c t a n c e  
e q u a t i o n r e p o r t e d  d i f f e r e n t  v a l u e s  o f  K^ a n d  Aq  a t  2 9 8  K. P r u e ^ ^
a n d  h i s  c o - w o r k e r s  h a v e  t r e a t e d  t h e  d e p e n d e n c e  o f  K^ u p o n  a  i n  
d e t a i l  f o r  a  n u m b er o f  2 -2  s a l t s .
( i i )  M in im is  a t i o n  M eth o  d s
F o r  t h e  i n t e r p r e t a t i o n  o f  t h e  c h a r a c t e r i s t i c  p a r a m e t e r s  o f  a n  
e l e c t r o l y t e  s o l u t i o n  f r o m  c o n d u c t a n c e  d a t a ,  a  m i n i m i s a t i o n  m e th o d  h a s
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b e e n  d e v e l o p e d  i n  te r m s  o f  , Aq a n d  a  . I t  i s  c o n s i d e r e d  t h a t  
t h e  m o s t  s a t i s f a c t o r y  m ean s o f  e x p r e s s i n g  t h e  b e h a v io u r  o f  a n  e l e c t r o l y t e
s o l u t i o n  i s  t o  q u o t e  KA ,  Aq a n d  a  a s  in d e p e n d e n t  p a r a m e t e r s .
( 1 9 )
I n  1 9 6 7 ,  F u o s s  a n d  H s ia ^  J u s e d  t h e  a b o v e  t e d m i q u e  i n  t h e i r
a n a l y s i s  o f  som e e x p e r im e n t a l  d a t a .  T he c o n d u c t a n c e  e q u a t i o n  i s
c o n s i d e r e d  a s  a  3 - c o n s t a n t  e q u a t i o n
A = A ( c ;  Aq , Ka , a )  ( 3 .1 4 )
a n d  i s  n o n - l i n e a r  i n  a l l  t h r e e  p a r a m e t e r s .  I n  t h e i r  a n a l y s i s  f o r  a  s e t  
o f  d a t a  p o i n t s  c ^ ,  A^ ( j  »  1  . . .  N ) a  p ro g r a m  w a s  d e s i g n e d  t o  e v a l u a t e  
t h e  p a r a m e t e r s  a s  f o l l o w s :  F i r s t ,  v a l u e  o f  t h e  c o r r e c t  o r d e r  o f
m a g n it u d e  w a s  c h o s e n  f o r  KA  , a n d  v a l u e s  o f  Aq a n d  a  w e r e  f o u n d  
w h ic h  w o u ld  m in im is e  g 2 , w h e r e  g 2 i s  d e f i n e d  b y
J  N
j= i
2 -  l  ^ c a l c ' V 2 ( 3 . 1 5 )
T h en  a n o t h e r  v a l u e  o f  KA  w a s  t e s t e d  an d  £ 2 w a s  a g a i n  c a l c u l a t e d .
T h is  s t e p  w a s r e p e a t e d  u n t i l  t h e  m in i m is in g  v a l u e  o f  KA  w a s  b r a c k e t e d ;  
u s i n g  a p p r o p r ia t e  s u b r o u t i n e  t o  l o c a t e  t h e  a s s o c i a t e d  v a l u e s  o f  t h e  
m in i m i s i n g  KA , AQ a n d  a  . S h o r t l y  a f t e r w a r d s ,  a n  a l t e r n a t i v e  
m e th o d  o f  m i n i m i s a t i o n  w a s  u s e d  b y  so m e a u t ^ o r s ^ '3 9 * '* '" ^ . I n  t h i s  
m e th o d  t h e  c o m p u te r  w a s g i v e n  a  s e q u e n c e  o f  a  v a l u e s ,  a n d  a s k e d  f o r  
t h e  p a i r  o f  v a l u e s  o f  Aq a n d  KA  w h ic h  w o u ld  m in im is e  g 2 f o r  e a c h  
v a l u e  o f  a  , T h en  <J w a s  p l o t t e d  a g a i n s t  a  fr o m  w h ic h  t h e  d e s i r e d  
c o n t a c t  d i s t a n c e  c o u l d  b e  l o c a t e d .  T h is  g a v e  a  c u r v e  w i t h  a  s h a r p  
m inim u m . T h en  o p tim u m  v a l u e s  o f  KA  a n d  AQ w e r e  i n t e r p o l a t e d  f r o m
p l o t s  o f  Ka  a n d  o f  AQ a g a i n s t  t h e  c o r r e s p o n d in g  a  v a l u e s ,  i . e .  t o  
c o r r e s p o n d  t o  t h a t  v a l u e  o f  a  w h ic h  m in im is e s  .
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F o r  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  a b o v e  c a l c u l a t i o n s ,  t h e  D e b y e - H u c k e l  
l i m i t i n g  la w  ( 1 . 22)  w a s  u s e d ;  a  w a s  s e t  e q u a l  t o  z e r o  i n  t h e  a c t i v i t y  
c o e f f i c i e n t  e x p r e s s i o n .  S u c h  t r e a t m e n t  h a s  b e e n  c r i t i c i s e d  b y  P r u e ^ 1 ^  
a n d  b y  J u s t i c e ^ 4 ^ .
F u o s s  a n d  h i s  c o - w o r k e r s  a p p l i e d  t h e s e  m i n i m i s a t i o n
t e c h n i q u e s  t o  som e u n i - u n i v a l e n t  e l e c t r o l y t e s  an d  f o u n d  th e m  t o  b e  u s e f u l ,
m i )
w h i l e  P r u e  e t  a l /  J h a v e  u s e d  t h e s e  t e c h n i q u e s  s u c c e s s f u l l y  f o r  b i -  
b i v a l e n t  e l e c t r o l y t e s .  T h is  m e th o d  h a s  b e e n  u s e d  i n  t h e  p r e s e n t  w o r k  
t o  e v a l u a t e  t h e  t h r e e  p a r a m e t e r s  9* Aq a n d  a  i n d e p e n d e n t l y  f o r  
e a c h  i n v e s t i g a t e d  e l e c t r o l y t e .  T h e p r o g r a m  w a s  w r i t t e n  i n  A l g o l ,  a n d  
u s e d  f o r  t h e  a n a l y s i s  o f  t h e  a u d i o - f r e q u e n c y  c o n d u c t a n c e  d a t a ;  a n  
e x a m p le  o f  i t s  c o n s t r u c t i o n  i s  g i v e n  i n  A p p e n d ix  3 .  T h e c o n d u c t a n c e  
e q u a t i o n s  u s e d  i n  t h i s  t y p e  o f  m i n i m i s a t i o n  p r o g r a m  w e r e  t h e  c o u p l e t e  
a n d  m o d i f i e d  fo r m s  o f  P i t t s a n d  F u o s s - H s i a e q u a t i o n s  an d  
t h e  e q u a t i o n s  o f  D ’A p r a n o ^ ^  a n d  M u r p h y - C o h e n ^ ^ . T h e p r o g r a m  c a l l s  
f o r  t h e  f o l l o w i n g  s e q u e n c e  o f  o p e r a t i o n s .  F o r  a  s e l e c t e d  v a l u e  o f  ,
t h e  d e g r e e  o f  d i s s o c i a t i o n  a  i s  c a l c u l a t e d  a t  e a c h  c o n c e n t r a t i o n  b y  
t h e  m a ss  a c t i o n  e q u a t i o n  ( 1 . 2 1 ) ,  w h e r e  t h e  e x t e n d e d  fo r m  o f  D e b y e -  
H iic k e l e q u a t i o n  ( 1 . 2 4 )  i s  u s e d  t o  c a l c u l a t e  a c t i v i t y  c o e f f i c i e n t s .  
E s t im a t e d  i n i t i a l  v a l u e s  o f  AQ a n d  a  a r e  u s e d  t o  s t a r t  t h e  c y c l e  o f  
a p p r o x im a t io n s .  F o r  e a c h  c y c l e  t h e  d i f f e r e n c e  (Ac a £ c  “ A j)  i s  
c o m p u te d  f o r  e a c h  e x p e r im e n t a l  p o i n t .  T h e f i n a l  v a l u e s  o f  t h e  t h r e e  
p a r a m e t e r s  K^ , Aq a n d  a  t h a t  m in im is e d  £ 2 ( e q u a t i o n  ( 3 . 1 5 ) )  a r e  
t h e n  fo u n d  b y  i n s p e c t i o n  f o r  e a c h  c o n d u c t a n c e  e q u a t i o n  w h ic h  i s  w r i t t e n  
i n  t h e  fo r m  *
A -  A ( c ;  AQ + x ,  + y ,  a  + z )  ( 3 . 1 6 )
w h e r e  AQ , '  a  a n d  K^ a r e  i n i t i a l  e s t i m a t e s  o f  t h e  p a r a m e t e r s  a n d
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x  = AAq , y  = AK^ , a n d  z  = Aa a r e  in c r e m e n t a l  c h a n g e s  i n  Aq ,  K» 
a n d  a  r e s p e c t i v e l y  o v e r  s u i t a b l e  r a n g e s .  T h is  t e c h n i q u e  n o t  o n l y  
g i v e s  t h e  b e s t  f i t  o f  t h e  e x p e r im e n t a l  r e s u l t s  b y  a  s e t  o f  p a r a m e t e r s  
b u t  a l s o  e x a m in e s  t h e  l a t i t u d e  a v a i l a b l e  i n  v a r y i n g  t h e  p a r a m e t e r s  w h i l e  
o b t a i n i n g  a n  a c c e p t a b l e  f i t  o f  t h e  d a t a .
T h ro u g h  t h e  m i n i m i s a t i o n  m e th o d  u s e d  f o r  t h e  e l e c t r o l y t e s  e x a m in e d  
i n  t h i s  w o r k ,  a  w e l l - d e f i n e d  m inim um  w e r e  o b t a i n e d  an d  F ig u r e  3 . 1  sh o w s  
s u c h  m in im a  f o r  t h e  c o n d u c t a n c e  d a t a  o f  m a g n e siu m  d i t h i o n a t e .  T h e s e  
m in im a  p r e d i c t  t h a t  t h e  r e l a t i o n s h i p  o f  i s  s t i l l  s e n s i t i v e  t o
v a r i a t i o n s  i n  f o r  a l l  e l e c t r o l y t e s  i n v e s t i g a t e d  h e r e ,  an d  r e a s o n a b l e  
v a l u e s  o f  ,  AQ a n d  a  w e r e  o b t a i n e d  f o r  t h o s e  e l e c t r o l y t e s  w h ic h  
a r e  t a b u l a t e d  i n  t h e  n e x t  s e c t i o n .  T h e o b j e c t i o n  o f  F u o s s ( 1 1 3 ,1 1 5 )  tQ  
t h e  u s e  o f  a  t h r e e - p a r a m e t e r  s e a r c h  p r o g r a m  i s  n o t  c o n f ir m e d  h e r e .
T h e v a l u e s  o b t a i n e d  b y  F u o s s  e t  a l .  w e r e  v e r y  s m a l l  i n  t h e  u n i ­
u n i v a l e n t  e l e c t r o l y t e s  s t u d i e d ,  w h e r e  t h e  d e g r e e  o f  d i s s o c i a t i o n  w a s  
v e i y  c l o s e  t o  u n i t y ;  t h e  r e s u l t  o f  t h e  a r i t h m e t i c  m in i m is in g  p a r a m e t e r s  
w o u ld  b e  w i t h o u t  s i g n i f i c a n c e  o w in g  t o  t h e - l a c k  o f  s e n s i t i v i t y  o f  t o  
a s  , a  -> 1 . T h e s h a p e  o f  t h e  m i n i m i s a t i o n  c u r v e  w o u ld  a l s o  b e  v e r y  
d e p e n d e n t  o n  t h e  c o n c e n t r a t i o n  r a n g e .
A n o t h e r  m e th o d  'o f  m i n i m i s a t i o n  t o  o b t a i n  t h e  b e s t - f i t  p a r a m e t e r s  
,  Aq an d  a  h a s  b e e n  s u g g e s t e d  b y  J u s t i c e  . T h e c o n d u c t a n c e  
e q u a t i o n  ( m o d i f i e d  P i t t s  o r  F u o s s - H s ia )  i s  w r i t t e n  i n  t h e  fo r m
A =' a jA Q ~ { > ( a c ) 2 + E c l n ( a c )  + J ^ c  + J 2 ( a c ) / 2 3
( 3 . 1 7 )
a n d  J u s t i c e ' s  m e th o d  m a in ly  d e p e n d s  o n  t h e  c o m p u t a t io n  o f  A J2 f o r  a  
s e r i e s  o f  N e x p e r im e n t a l  p o i n t s  Cj ,  A j w h e r e
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FIGURE 3 .1
(1 /m o le )
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2
-N
X  J^ 2(exp) " J 2 (ca lc)^
jj.L - . .
N
(3 .18 )
T h en  t h e  m i n i m i s a t i o n  c a n  b e  im p r o v e d  b y  v a r i a t i o n  i n  kQ an d  a  w i t h i n
a c c e p t a b l e  l i m i t s . T h is  m e th o d  w a s  t e s t e d  w i t h  som e d a t a  o f  m a g n e s iu m
s u l p h a t e  b y  P e n g i l l y ^ ^ , w ho fo u n d  t h a t  t h e  m inim um  o f  AJ d i d  n o t2
c o i n c i d e  w i t h  t h a t  o b t a i n e d  b y  o t h e r  p r o c e d u r e s .
F o r  t h e  h i g h - f r e q u e n c y  c o n d u c t a n c e  d a t a  t h e  c o m p le t e  fo r m  o f  F u o s s -  
H s i a  e q u a t i o n  ( 1 . 1 4 )  w a s  u s e d  i n  t h e  m i n i m i s a t i o n  m e th o d . H ie  
r e l a x a t i o n  t e r m s  o f  F a l k e n h a g e n - L e i s t - K e l b g ^  w e r e  a d d e d  o n  t o  t a k e  
a c c o u n t  o f  t h e  r e l a x a t i o n  e f f e c t s  o f  t h e  io n - a t m o s p h e r e ;  t h e s e  te r m s  
w e r e  c a l c u l a t e d  a t  1 KHz ( R e ^  qq^ )  a n d  a t  t h e  f r e q u e n c y ,  f ,  o f  
m e a su r e m e n t  ( R e l£ ) . T he f i n a l  e q u a t i o n  c a n  b e  w r i t t e n  a s
A «  (Aq -  AA) (1  + A X / X ) / ( I  + 3 0 / 2 )  + R e lQ ^  -  R e l£
( 3 . 1 9 )
✓
T h r o u g h o u t  t h e  p r e s e n t  w o r k ,  i t  w a s  fo u n d  t h a t  e q u a t i o n  ( 3 . 1 9 )  i s  q u i t e  
s e n s i t i v e  t o  t h e  v a r i a t i o n s  i n  KA ,  AQ a n d  a  .
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T a b le  1 3
E x p e r im e n t a l  C o n d u c ta n c e  Dat a  
f  «  0 . 0 0 1  MHz T .  = '  2 9 8  K
-  109 -
£o•H
MgC20 r H20 g• H
MnC20 ^ -H 20
srH
Ocn 1 0 4c /g m  e q u i v  1  1 A. e x p  .
\--1
. £ 1 0 4c /g m  e q u i v  I -1 Ae x p
1 2 .6 8 9 8 9 8 .4 9 1 3 .5 4 5 2 6 7 0 .4 8
2 3 .9 8 5 6 9 1 .6 4 2 4 .8 4 9 6  ! 6 3 .5 1
3 5 .1 1 0 0 8 6 .9 5 3 5 .4 5 3 2 6 1 .1 3
4 6 .1 7 2 8 8 3 .3 2 4 6 .0 3 0 8 5 9 .1 7
5 7 .1 9 0 6 8 0 .2 8 5 6 .5 8 0 4 5 7 .4 7
6 8 .1 9 0 8 7 7 .6 9 6 7 .1 9 3 4 5 5 .7 2
7 9 .1 4 8 4 7 5 .4 3 7 7 .7 6 6 0 5 4 .2 7
8 1 0 .0 2 2 8 7 3 .6 5 8 1 1 .9 9 1 0 4 6 .4 4
9 1 0 .9 4 8 6 . 7 1 .8 6 9 1 2 .9 3 6 6 4 5 .2 4
10 1 1 .7 6 7 0 7 0 .4 0 10 1 3 .6 6 6 0 4 4 .2 0
1 1  ’ 1 2 .6 0 9 4 6 9 .0 6 1 1 1 4 .3 9 7 2 4 3 .3 5
12 1 3 .3 9 0 6 6 7 .8 1 12 1 5 .1 6 6 4 4 2 . 5 3
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T a b le  14
f  = 0 . 0 0 1  MHz MgCo0 , | -H 20  T = 2 9 8  K
S o  I n
.............................. - ^ c a lc  “ Ae x p
F-H
C o m p le te
F-H
M o d i f ie d
P i t t s
C o m p le te
P i t t s
M D d if ie d D ’ A p r a n o M/C
1 - 0 . 1 6 - 0 . 0 3 0 .0 0 - 0 .1 1 0 .0 1 0 . 3 5
2 - 0 . 0 9 - 0 . 0 5 0 .0 0 - 0 .1 0 - 0 .0 1 0 . 3 4
3 0 .0 2 - 0 .0 1 - 0 . 0 3 - 0 . 0 5 0 .0 2 0 . 2 6
4 0 . 0 5 - 0 . 0 4 0 .0 1 - 0 . 0 6 - 0 .0 2 0 . 2 3
5 0 . 1 4 - 0 .0 1 - 0 .0 2 - 0 .0 1 0 .0 0 0 . 1 4
6 0 . 1 9 - 0 .0 1 0 .0 0 0 .0 0 - 0 .0 1 0 . 0 8
7 0 . 2 9 0 . 0 5 - 0 . 0 4 0 . 0 6 0 . 0 3 - 0 . 0 3
8 0 . 2 8 - 0 .0 1  ' 0 .0 2 0 .0 2 - 0 .0 2 - 0 . 0 5
9 0 . 3 4 0 .0 1 0 .0 1 0 . 0 6 - 0 .0 1 - 0 . 1 3
1 0 0 . 4 0 0 . 0 4 0 .0 0 0 . 0 8 0 .0 1 - 0 .2 1
11 0 . 4 0 0 .0 0 0 . 0 4 0 . 0 6 - 0 . 0 3 - 0 . 2 3
12 0 . 4 9 0 . 0 6 0 .0 0 0 .1 2 0 .0 2 - 0 . 3 4
B e s t  F i t  V a lu e s
ka
2 6 7 5 2 6 5 6 2 5 8 6 2 6 8 4 2 6 6 0 2 7 2 0
A
0
1 2 7 .0 1 1 2 7 .2 2 1 2 7 .0 4 1 2 7 .1 4 1 2 7 .1 8 1 2 7 .3 0
a 0 . 7 9 0 . 8 2 0 . 7 8 0 . 7 4 0 . 8 1 0 . 8 4
o 0 . 2 5 0 . 0 3 0 .0 2 0 . 0 7 0 . 0 1 8 0 .2 2
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T a b le  15
f  = O.OOIM-Iz MnC .0, -H„0 T K 298 K !_____________________ --- -^2— H-- 2—  ■ ■ ■ ■ ■ ]
■ . . I
i
S o l n
AA Ac a l c  “ ^ e x p
F-H
C o m p le te
F-H
M o d i f i e d
P i t t s
C o m p le te
P i t t s
M o d i f i e d D ' A p r a n o M/C
1 0 . 1 3 0 .0 2 - 0 .0 2 - 0 . 0 9 0 .0 1 0 . 5 8
2 0 . 0 9 0 .0 2 - 0 .0 1 - 0 . 0 6 0 .0 0 0 . 3 9
3 0 . 0 5 - 0 .0 1 - 0 . 0 3 - 0 .0 2 0 .0 2 0 . 3 0
4 0 . 0 7 0 . 0 3 0 .0 1 . - 0 . 0 5 - 0 .0 2 0 . 2 6
5 0 . 0 6 0 . 0 3 0 .0 2 - 0 . 0 4 - 0 .0 2 0 .2 0
6 0 .0 0 - 0 .0 1 - 0 .0 2 0 .0 0 0 .0 1 0 .1 0
7 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 . 0 5
8 - 0 . 0 8 0 .0 0 0 . 0 3 0 . 0 4  , - 0 .0 2 - 0 . 3 0
9 - 0 . 1 3 - 0 . 0 4 - 0 .0 1 0 . 0 8 0 .0 2 - 0 . 4 1
10 - 0 . 1 3 - 0 . 0 3 0 .0 0 0 . 0 8 0 .0 1 - 0 . 4 5
1 1 - 0 . 1 4 - 0 . 0 3 0 .0 0 0 . 0 9 0 .0 1 - 0 . 5 0
12 - 0 . 1 1 0 .0 0 0 . 0 5 0 . 0 6 - 0 . 0 3 - 0 . 5 1
B e s t  F i t  V a lu e s :
ka
8 9 3 0 8 8 2 0 8 7 0 5 8 8 8 0 8 8 1 0 9 2 2 5
Ao 1 2 7 .2 9 1 2 7 .3 2 1 2 7 .1 9 1 2 7 .2 1 1 2 7 .2 5 1 2 7 .3 0
a 0 . 6 0 0 . 6 1 0 . 5 9 0 . 5 8 0 .6 6 0 . 9 2
0 0 . 0 9 0 .0 2 0 .0 2 0 . 0 6 0 , 0 1 7 0 . 3 7
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T a b le  1 6
E x p e r im e n t a l  C o n d u c ta n c e  D a ta  
f  = 0 . 0 0 1  MHz T = 2 9 8  K
8
MgS20 6 - h 2o M iS 20 g-H 20 B aS 20 6-H 20
• H
pT—1
Oco
lO ^ c /g m  
e q u i v  1 Ae x p
lO ^ c /g m  
e q u i v  1  1 A exP
1 0 V /g m  
e q u i v  l ” 1 Ae x p
1 1 .4 1 8 0 1 3 8 .4 4 0 . 8 7 8 0 1 3 7 .8 9 1 .5 5 5 9 1 4 5 .7 3
2 2 .1 3 1 8 1 3 7 .1 4 1 .2 3 5 9 1 3 6 .7 6 1 .9 5 8 9 1 4 4 .4 3
3 2 .8 2 0 2 1 3 6 .0 6 3 .5 3 4 2 1 3 1 .5 1 2 .3 2 2 1 1 4 3 .4 0
4 3 .7 5 4 3 1 3 4 .8 3 • 4 .4 2 9 7 1 3 0 .0 2 3 .3 3 2 8 1 4 0 .9 3
5 4 .9 1 7 2 1 3 3 .5 1 5 .3 4 4 6 1 2 8 .7 2 4 .6 5 6 1 1 3 8 .2 6
6 6 .1 2 5 4 1 3 2 . 3 0 6 .4 0 6 4 1 2 7 .3 6 6 .2 1 5 2 1 3 5 .6 3
7 7 .2 8 2 8 1 3 1 .1 9 7 .3 9 7 2  - 1 2 6 .2 4  . 7 .0 1 6 4 1 3 4 .4 5
8 8 .5 9 3 2 1 3 0 .1 0 8 .5 9 3 2 1 2 4 .9 8 7 .8 4 7 2 1 3 3 .3 0
9 1 0 .0 7 0 6 1 2 8 .9 7 1 0 .3 3 0 0 1 2 3 .3 7 8 .6 4 2 0 1 3 2 .2 9
10 1 1 .7 7 1 0 1 2 7 .8 6 1 1 .1 0 1 1 1 2 2 .7 3V 9 .4 0 9 6 1 3 1 .3 6
11 1 3 .7 9 8 6 1 2 6 .6 1 1 1 .9 6 2 4 1 2 2 .0 5 1 0 .1 8 0 7 1 3 0 .4 8
12 1 5 .8 2 5 4 1 2 5 .4 2 1 2 . 9 1 0 3 . 1 2 1 .2 7 1 1 .1 1 3 2 1 2 9 .4 9
1 3 1 8 .0 1 3 8 1 2 4 .3 3 1 3 .9 0 1 4 1 2 0 .5 6 1 2 .1 5 1 8 1 2 8 .4 5
1 4 1 9 .9 4 8 9 1 2 3 .4 5 1 4 .8 3 9 0 1 1 9 .8 9 1 3 .1 4 4 8 1 2 7 .4 9
1 5 2 1 .6 8 9 6 1 2 2 . 7 0 1 5 .8 2 8 0 1 1 9 .2 6 1 4 .1 8 0 7 1 2 6 .5 6
1 6 2 3 .7 3 6 3 1 2 1 . 8 3 1 7 .0 0 6 9 1 1 8 .5 3
Table 17
f  = 0.001 MHz MgS20c-H20 ' T 298 K
S o l n
AA Ac a j[c  -  Ae x p
F-H
C o m p le te
F-H
M o d i f i e d
P i t t s
C o m p le te
P i t t s
M o d if ie d D ’A p r a n o M/C
1 0 .0 2  ’ 0 . 0 6 0 . 1 3 - 0 .1 0 0 . 0 7 - 0 . 0 7
2 0 .0 0 0 . 0 3 0 . 0 5 - 0 . 0 4 0 . 0 3 - 0 . 0 7
3 - 0 . 0 3 0 .0 0 - 0 . 0 3 0 .0 2 0 .0 1 - 0 . 0 7
4 - 0 .0 1 0 .0 0 - 0 . 0 7 0 . 0 4 - 0 .0 1 - 0 . 0 3
5 0 .0 2 0 .0 2 - 0 . 1 1 0 . 0 4 0 .0 0 0 .0 2
6 0 . 0 4 0 . 0 3 - 0 . 1 3 0 . 0 5 0 .0 0 0 . 0 6
7 - 0 .0 1 - 0 . 0 3 - 0 .2 1 0 .1 1 - 0 . 0 5 0 .0 2
8 - 0 .0 1 - 0 .0 2 - 0 . 2 3 0 .1 2 - 0 . 0 6 0 . 0 4
9 - 0 . 0 3 - 0 . 0 5 - 0 . 2 5 0 . 1 4 - 0 . 0 7 0 .0 2
10 0 . 0 3 0 .0 0 - 0 . 1 8 0 . 0 7 - 0 .0 1 0 . 0 8
11 0 . 0 3 0 .0 0 - 0 . 1 3 ' 0 . 0 4 0 .0 0 0 . 0 8
12 - 0 . 0 3 - 0 . 0 5 - 0 .1 2 0 . 0 6 - 0 . 0 4 0 .0 1
1 3 - 0 .0 1 - 0 .0 1 0 .0 0 - 0 .0 2 0 .0 1 0 .0 1
1 4 0 .0 2 0 . 0 3 0 . 1 3 - 0 .1 0 0 . 0 6 0 .0 0
1 5 0 .0 2 0 . 0 5 0 . 2 5 - 0 . 1 8 0 . 0 9 - 0 .0 2
1 6 - 0 .0 2 0 . 0 3 0 . 3 5 - 0 .2 2 0 . 0 8 - 0 .1 0
B e s t  F i t  V a lu e s :
ka
8 0 8 5 3 3 69 9 2 9 7
Ao 1 4 3 .5 5 1 4 3 . 4 8 1 4 3 .3 0 1 4 3 .3 6 1 4 3 .4 5 1 4 3 .6 8
a 0 . 8 7 0 . 9 9 0 . 7 6 0 . 6 1 0 . 8 2 0 . 8 9
a 0 .0 1 0 . 0 3 0 . 1 7 0 .1 0 0 . 0 5 0 . 0 5
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T a b le  18
f  = 0 . 0 0 1  MHz MnS20 6-H 20  T = 29 8  K
AA Ac a i c  -  AeXp
S o l n
F-H F -H P i t t s P i t t s
M/CC o m p le te M o d i f i e d C o m p le te M o d i f i e d D 1 A p ra n o
1 0 .0 0 0 .0 1 0 .1 0 - 0 . 0 5 0 . 0 7 - 0 .1 1
2 0 . 0 4 0 . 0 4 0 . 0 6 - 0 . 0 5 0 . 1 0 - 0 . 0 4
3 - 0 . 0 6 - 0 . 0 7 - 0 . 3 6 0 .2 1 - 0 . 0 7 0 .0 2
4 - 0 . 0 7 - 0 . 0 9 - 0 . 4 4 0 . 2 5 - 0 .1 0 0 . 0 4
5 - 0 . 0 4 - 0 . 0 6 - 0 . 4 4 0 . 2 3 - 0 . 0 7 0 . 0 9
6 - 0 .0 2 - 0 . 0 4 - 0 . 4 4 0 .2 1 - 0 . 0 6 0 . 1 3
7 0 .0 2 - 0 .0 1 - 0 . 3 8 0 . 1 5 - 0 .0 2 0 . 1 6
8 0 .0 2 0 .0 0 - 0 . 3 3 0 . 1 2 . - 0 .0 1 0 . 1 6
9 0 . 0 4 0 . 0 3 - 0 . 1 9 0 . 0 3 0 .0 2 0 . 1 3
10 0 . 0 6 0 . 0 5 - 0 .1 0 - 0 .0 2 0 . 0 4 0 .1 2
11 0 . 0 6 0 . 0 6 0 .0 0 - 0 . 0 8s 0 . 0 6 0 . 0 9
12 0 .0 0 0 .0 2 0 . 0 5 - 0 . 0 9 0 .0 2 - 0 .0 1
1 3 0 .0 1 0 . 0 3 0 . 1 9 - 0 . 1 6 0 . 0 3 - 0 . 0 6
1 4 - 0 . 0 4 0 .0 2 0 . 4 6 - 0 . 2 7 0 .0 1 - 0 .2 2
1 5 - 0 . 0 3 0 .0 1 0 . 2 9 - 0 . 1 9 0 .0 0 - 0 . 1 5
1 6 - 0 . 0 7 0 .0 2 0 . 6 4 - 0 . 3 6 0 .0 0 - 0 . 3 3
B e s t  F i t  V a lu e s :
—
ka
69 8 3 25 59 88 9 6
A 1 4 3 . 6 0 1 4 3 . 6 0 1 4 3 .3 0 1 4 3 .4 1 1 4 3 .4 8 1 4 3 .8 3
a 0 . 8 0 0 . 9 9 0 . 7 7 0 . 5 6 0 . 8 1 0 . 8 5
0
. . . .
0 . 0 4 0 . 0 4 0 . 3 3 0 . 1 8 0 . 0 5 0 . 1 4
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T a b le  19
f  = 0 . 0 0 1 'MHZ B a S 20 g-H . 0  T = 2 9 8  K
..................................................AA . -  . Ac a £ c  -  AeXp
S o ln
F-H
C o m p le te
F-H  .
CN fodified
P i t t s
C o m p le te
P i t t s
.M o d if i e d D ’A p ra n o M/C
1 0 .1 2 0 . 0 8 0 . 0 5 - 0 . 0 9 0 .1 0 0 . 1 6
2 0 . 0 3 0 .0 0 - 0 . 0 8 0 .0 0 0 . 0 5 0 . 1 1
3 0 .0 0 - 0 . 0 4 - 0 . 1 4 0 . 0 4 0 .0 1 0 . 1 1
4 - 0 . 0 4 - 0 . 0 8  ! - 0 . 2 7 0 . 1 1 - 0 . 0 4 j 0 * 1 3
5 - 0 . 0 6 - 0 .1 0 - 0 . 3 3 0 . 1 3 - 0 . 0 6 0 . 1 4
6 - 0 . 0 6 - 0 . 0 9 - 0 . 3 3 0 . 1 3 - 0 . 0 7 0 . 1 3
. 7 - 0 . 0 4 - 0 . 0 6 - 0 . 3 0 0 .1 0 - 0 . 0 6 0 .1 2
8 - 0 . 0 4 - 0 . 0 5 - 0 . 2 6 0 . 0 8 - 0 . 0 5 0 . 0 9
9 - 0 .0 2 - 0 .0 2 - 0 . 1 9 0 . 0 5 - 0 . 0 3 0 . 0 7
10 - 0 .0 1 0 .0 0 - 0 . 1 3 0 .0 2 - 0 .0 1 0 . 0 4
11 0 .0 0 0 .0 2 - 0 . 0 6 - 0 .0 2 0 .0 0 - 0 .0 1
12 0 . 0 3 0 . 0 6 0 . 0 4 - 0 . 0 7 0 . 0 3 - 0 . 0 5
1 3 0 . 0 5 0 .1 0 0 . 1 8 - 0 . 1 4 0 . 0 5 - 0 .1 2
14 0 .0 0 0 .1 2 0 . 2 8 - 0 . 1 8 0 . 0 5 - 0 .2 2
1 5 0 . 0 5 0 . 1 4 0 . 4 2 - 0 . 2 4 0 . 0 6 - 0 . 3 2
•
B e s t  F i t  V a l u e s :
ka
8 7  * 8 5 53 1 0 3 120 1 3 5
V  . 1 5 4 .3 9 1 5 4 .3 9 1 5 4 . 2 3 1 5 4 .3 6 1 5 4 .3 7 1 5 4 .6 1
a 0 . 6 2 0 . 6 4 0 . 6 0 0 . 5 6 0 . 6 2 0 . 8 9
a 0 . 0 5 0 . 0 8 0 .2 2 0 . 1 1 0 . 0 6 0 . 1 4
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T a b le  20
E x p e r im e n t a l  C o n d u c ta n c e  D a ta
= 0 . 0 0 1  MHz CH COOH-H 0  T = 298   3 2— --------------
S o l u t i o n 1 0 4c /g m  e q u i v  1 1 A ex p
1 3 .9 6 3 6 7 4 .2 5
2 5 .9 4 9 1 6 1 . 8 4
3 1 0 .1 6 6 1 4 8 . 3 3
4 1 2 .4 7 8 2 4 3 . 9 2
5 1 4 .7 4 6 7 4 0 . 6 2
6 1 7 .3 4 6 7 3 7 . 6 2
7 2 0 .4 0 1 1 3 4 . 8 3
8 2 4 .4 6 0 6 3 1 .9 5
9 2 9 .3 6 4 4
✓
2 9 .2 9
10 3 4 .5 9 5 5 2 7 .0 8
1 1 3 9 .9 9 2 8 2 5 .2 6
12 4 5 .3 9 1 5 2 3 .7 8
1 3 5 0 .4 1 3 0 2 2 .6 1
1 4 5 7 .3 7 6 8 2 1 .2 3
1 5 6 6 .2 6 4 8 1 9 .8 1
1 6 7 8 .9 4 4 7 1 8 .1 9
1 7 9 0 .2 1 9 9 1 7 . 0 6
1 8 1 0 3 .2 0 0 8 1 5 . 9 8
1 9 1 1 7 .1 0 8 3 1 5 . 0 3
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T a b le  21
f  = 0 . 0 0 1  MHz (TLG00H~H„0 T = 2 9 8  K :   3------— 2—  -------- ----
S o I n
............................................... AA -  Ac a l c  -  AeXp
F-H
C o m p le te
F-H
M D d if ie d
P i t t s
C o m p le te
P i t t s
M o d if ie d D ’A p ra n o M/C
1 0 .0 1 0 .0 0 0 .0 0 0 .0 1 0 .0 0 0 .1 1
2 0 .0 1 0 .0 1 0 .0 0 • 0 .0 0 0 .0 0 0 .0 2
3 0 .0 1 0 .0 1 0 .0 0  1 - 0 .0 1 0 .0 1 - 0 . 0 6
4 0 .0 0 0 .0 0 0 .0 1 0 .0 0 0 .0 0 - 0 . 0 8
5 0 .0 1 0 .0 1 0 .0 0 - 0 .0 1 0 .0 1 - 0 . 0 9
6 0 .0 0 0 .0 0 - 0 .0 1 0 .0 0 0 .0 0 - 0 .1 0
7 - 0 .0 1 - 0 .0 1 - 0 .0 2 0 .0 0 - 0 .0 1 - 0 . 1 1
8 - 0 .0 1 - 0 .0 1 - 0 .0 2 0 .0 1 - 0 .0 1 - 0 .1 0
9 - 0 .0 1 - 0 .0 1 - 0 .0 1 0 .0 1 0 .0 0 - 0 . 0 9
10 - 0 .0 1 - 0 .0 1 - 0 .0 2 0 .0 1 - 0 .0 1 - 0 . 0 7
11 - 0 .0 1 - 0 .0 1 - 0 .0 1 0 .0 0 0 .0 0 - 0 . 0 5
12 0 .0 0 0 .0 1 0 .0 0 - 0 .0 1 0 .0 1 - 0 .0 2
1 3 0 .0 0 0 .0 0 - 0 .0 1 - 0 .0 1 0 .0 0 0 .0 0
1 4 - 0 .0 1 0 .0 0 - 0 .0 1 0 .0 0 0 .0 0 0 . 0 3
1 5 0 .0 0 0 .0 0 - 0 .0 1 0 .0 0 0 .0 0 0 . 0 7
1 6 - 0 .0 1 - 0 .0 1 - 0 .0 2 0 .0 1 0 .0 1 0 .1 2
17 0 .0 0 0 .0 0 - 0 .0 1 0 .0 0 - 0 .0 1 0 . 1 7
1 8 - 0 .0 1 0 .0 0 - 0 .0 1 j 0 .0 0 0 .0 0 0 .2 2
.1 9 - 0 .0 1 0 .0 0 - 0 .0 1 0 .0 0 0 .0 0 0 . 2 8
-
B e s t  F i t  V a lu e s :
ka
5T 2 7 0 5 7 2 8 0 5 7 3 1 5 5 7 3 0 0 5 7 3 0 0 5 7 5 7 5
Ao 3 9 0 .7 0 3 9 0 .7 0 3 9 0 .5 2 3 9 0 .7 2 3 9 0 .7 0 3 8 9 .0 0
a 0 . 5 2 0 . 5 1 0 . 5 1 0 . 4 8 0 . 5 2 0 . 9 9
a 0 . 0 0 8 0 . 0 0 5 0 . 0 0 9 0 . 0 0 5 0 . 0 0 5 0 . 0 4
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T a b le  22
f  °  1 . 0  MHz MgCo0 , | -H o0  T «  2 9 8  K
1 0 4 c /g m A A% A% A% A%
* T- 1e q u i v  1
iLf ‘
e x P FLIC G i l k e r s o n T o t a l
2 .4 6 3 2 1 0 1 .4 3 0 . 2 8 0 . 2 9 0 . 0 0 0 . 2 9
3 .5 9 9 8 9 4 .3 9 0 . 2 5 0 . 2 3 0 . 0 0 0 . 2 3
5 .6 2 6 3 8 5 .5 6 0 . 1 5 0 . 1 3 0 . 0 0 0 . 1 3
6 .7 3 6 9 8 2 .9 2 0 . 1 4 0 . 1 4 0 . 0 0 0 . 1 4
8 .2 0 3 5 7 8 .2 3 0 . 1 2 0 . 1 1 0 . 0 0 0 . 1 1
1 0 .2 6 3 5 7 3 .7 5 0 . 1 0 0 . 0 9 0 . 0 0 0 . 0 9
1 0 .7 1 6 1 7 2 .5 5 0 . 0 8 0 . 0 9 0 . 0 0 0 . 0 9
1 1 .3 6 5 2 7 1 .3 3 0 , 0 8 0 . 0 8 o . o o 0 . 0 8
1 1 .4 8 0 1 7 1 .3 1 0 . 0 8 0 . 0 8 0 .0 0 0 . 0 8
B e s t  F i t  V a lu e s :
Ka . = 2 6 2 0
A =  1 2 7 .2 1  - o
a. = 0 .78 nm
a = 0 .1 0
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T a b le  23
2 . 0  MHz IfeC .Q  -H  O T = 2 9 8  K
1 0 l'c /g m
* i - 1e q u iv  1 AIto
A%
e x p
A%
FLIC
A%
G i l k e r s o n
A%
T o t a l
1 .9 1 1 2 1 0 5 .6 5 0 . 6 4 0 . 5 8 0.00 0 . 5 8
2 .4 6 3 2 1 0 1 .7 4 0 . 5 3 0 . 5 5 0.00 0 . 5 5
2 .8 0 7 5 9 8 . 7 0 0 . 5 9 0 . 5 4 0.00 0 . 5 4
3 .5 9 9 8 9 4 . 6 8 0 . 5 5 0 . 5 0 0.00 0 . 5 0
5 .6 2 6 3 . 8 5 .8 1 0 . 4 1 0 . 4 2 0.00 0 . 4 2
6 .7 3 6 9 8 3 .1 2 0 . 3 8 0 . 3 7 0.00 0 . 3 7
8 .2 0 3 5 7 8 .3 9 0 . 3 6 0 . 3 4 0.00 0 . 3 4
1 0 .2 6 3 5 7 3 .9 1 0 . 3 2 0 . 2 9 0.00 0 . 2 9
1 0 .7 1 6 1 7 2 .6 8 0 . 2 7 0 . 2 8 0.00 0 . 2 8
1 1 .4 8 0 1 7 1 .4 5 0 . 2 8 0 . 2 7 0.00 0 . 2 7
B e s t  F i t  V a lu e s :
Ka >  2 6 1 1 .6  
Aq >  1 2 7 .1 2
a  “  0 .8 0  nm
o '  = 0 . 2 8
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T a b le  24
f  = 3 . 0  MHz M g C O - H O  T -  298K—   — 4--- 2 — —- ------------
1 0 4c /g m
.  ' - i
e q u iv  1 ■AIto
A%
e x p
A%
FLK
A%
G il k e r s o n
A%
T o t a l
1 .9 8 8 2 1 0 4 .5 6 0 . 7 5 0 . 7 3 0 .0 0 0 . 7 3
2 .4 3 6 2 1 0 1 .8 6 0 . 7 2 0 . 7 2 0 .0 0 0 . 7 2
3 .3 6 0 7 9 6 . 1 8 0 . 7 0 0 . 7 0 0 .0 0 0 . 7 0
4 .2 1 6 2 9 2 . 1 5 0 .6 6 0 . 6 7 0 .0 0 0 . 6 7
8 .8 4 5 5 7 6 .8 3 0 . 5 2 0 . 5 3 0 .0 0 0 . 5 3
1 1 .4 3 3 1 7 1 ,6 3 0 . 5 1 0 . 5 0 0 .0 0 0 . 5 0
1 2 .6 0 2 7 6 9 .8 7 0 . 4 6 0 . 4 4 0 .0 0 0 . 4 4
1 4 .2 5 0 3 6 7 .3 8 0 . 4 2 0 . 4 1 0 .0 0 0 . 4 1
B e s t  F i t  V a lu e s :
■Ka >  2 6 0 4 .5
A_ . -  1 2 ? .1 7  o
a  = 0 . 8 1  nm 
a  . «  0 . 4 0
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Table 25
f = 4.0 MHz MgC„0,.-H^0 T = 298 K. Tri U.. -U . . , ' .. ,T_------------------------------------- -- 2 — 4 " " — 2 “  Ll ' I.\ _l. " I
lO^c/gm
• -t ~1equiv 1 AI03
A%
exp
A%
FLK
A%
Gilkerson
A%
Total
3.1972 97.39 0.83 0.84 0.00 0.84
4.6897 . 89.45 0.81 0.82 0.00 0.82
5.2931 87.96 0.81 0.80 0.00 0.80
7.2174 81.96 0.74 0.75 0.00 0.75
9.6786 75.63 0.70 0.69 0.00 0.69
. 10.5501 73.28 0.67 0.67 0.00 0.67
11.5686 71.37 0.65 0.64 . 0.00 0.64
12.7692 69.38 0.60 0.62 0.00 0.62
13.0726 68.90 0.63 0.61 0.00 0.61
Best Fit Values:
K. « 2597.6
A = 127.20 o
a ® 0.79 nm
a .  = 0.37
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Table 26
f = 5.0 MHz M A l H O T *= 298 K
lOV/gm
* i-1equiv 1
AtIu A%exp
A%
FLK
A%
Gilkerson
A % 
Total
2.3316 101.81 0.91 0.93 0.00 0.93
3.1304 98.11 0.94 0.94 0.00 0.94
3.6544 95.20 0.96 0.95 0.00 0.95
5.8217 86.17 0.93 0.92 0.00 0.92
7.5128 81.26 0.88 0.89 0.00 0.89
9.9740 75.11 0.85 0.84 0.00 0.84
10.8661 72.97 0.81 0.82 0.00 0.82
12.0792 70.80 0.82 0.80 0.00 0.80
12.3849 70.15 0.83 0.78 0.00 0.78
Best Fit Values:
Ka . = 2613
A = 127.29 o
a =  0.82 nm
a . = 0.08
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Table 27
f = 10 MHz -H 0 T = 298 K
104c/gm
• i_1equiv 1
At
Ito
A l
exp
A%
FLK
A l
Gilkerson
A l
Total
2.5847 100.55 1.33 1.28 0.04 1.32
3.9813 93.20 1.35 1.29 0.04 1.33
4.8047 89.83 1.37 1.32 0.05 1.37
5.2258 88.26 1.39 1.33 0.05 1.38
6.7798 83.35 1.43 1.35 0.05 1.40
8.1373 79.79 1.40 1.36 0.05 1.41
9.5094 76.65 1.44 1.36 0.05 1.41
10.8022 74.24 1.45 1.36 0.06 1.42
11.9039 72.41 1.40 1.35 0.06 1.41
Best Fit Values:
Ka . = 2605 
Aq = 127.14 
a = 0.81 ran 
c. = 0.04
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Table 28
f = 15 MHz "H2° ' T - 298 K
lO^c/gm
• i*"1equiv 1
AtIu A%exp
A%
FLIC
A%
Gilkerson
A%
Total
2.2363 102.83 1.37 1.27 0.06 1.33
3.2671 96.83 1.51 1.40 0.07 1.47
4.2458 92.32 1.56 1.47 0.08 1.56
5.4555 87.53 1.64 1.54 0.08 1.62
6.6070 84.07 1.69 1.59 0.09 1.68
7.6136 81.26 1.72 1.62 0.09 1.71
8.7473 78.54 1.75 1.64 0.10 1.74
10.8554 '. 74.34 1.79 1.67 0.11 1.78
11.8379 72.66 1.81 1.68 0.11 1.79
12.8579 70.97 1.86 1.69 0.11 1.80
Best Fit Values:
Ka  = 2603 
= 127.18o
a = 0 .83  nm
a = 0.14
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Table 29
f = 20 MHz ¥ , o ,-h oo T ==' 298 K
104c/gm
• -,-1 equiv 1
> w B Alexp
Al
FLK
Al
Gilkerson
Al
Total
2.4365 101.63 1.49 1.37 0.08 1,45
4.4501 91.49 1.74 1*61 0.10 1.71
5.9279 86.41 1.83 1.71 0.11 1.82
7.4234 81.84 1.90 1.78 0.12 1.90
8.6832 78.84 1.94 1.82 0.13 1.95
I 9.3762 77.32 1.98 1.84 0.13 1.97
10.1410 74.89 . 2.02 1.86 0.13 * 1.99
11.7213 72.54 2.07 1.90 0.14 2.04
12.7476 70.64 2.08 1.91 0.14 2.05
13.7982 69.46 2.11 1.93 0.14 2.07
Best Fit Values:
Ka  « _  2588.5
A - 127.05 o
a = 0 .80  nm
a = 0 ,46
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Table 30
f '»• 30 MHz MgC20,|-H20 T = 298 K
lO^c/gm
.  -~iequiv 1 AIw
A%
exp
A%
FLIC
A%
Gilkerson
A%
Total
3.4368 96.04 1.78 1.63 0.18 1.81
4.4291 91.44 1.95 1.75 0.20 1.95
5.3563 87.80 2.07 1.83 0.21 2.04
6.9122 83.03 2.21 1.95 0.23 2.18
8.0361 79.98 2.25 2.02 0.24 2.26
9.7362 76.33 2.33 2.10 0.26 .2.36
10.4573 74.88 2.41 2.13 0.26 2.39
11.4094 74.06 2.44 2.16 0.27 2.43
12.3200 71.64 2.48 2.19 0.27 2.46
13.1984 71.34 2.55 2.22 0.28 2.50
Best Fit Values':
Ka  = 2574.5
A = 127.15 o
a * 0 .81  nm
a . = 0 .43
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Table 51
f  = 40 MHz MgC20,i-H20 T = 298 K
104c/gm 
equiv 1
At1(a) Alexp
Al
FLK
Al
Gilkerson
Al
Total
2.3019 102.73 1.75 1.49 0.21 1.70
3.3678 97.12 1.98 1.69 0.25 1.94
4.3738 92.52 2.15 1.83 0.28 2.11
5.2875 88.86 2.22 1.93 0.30 2.23
6.5662 85.00 2.35 2.05 0.32 2.37
7.7148 81.77 2.50 2.14 0.34 2.48
8.6712 79,39 2.56 2.20 0.36 2.56
9.3760 77.91 2.62 2.24 0.36 2.60
10.1984 76.22 2.71 2.28 0.37 2.65
12.6294 72.37 2.82 2.38 0.39 2.77
Best Fit Values:
Ka  ; = 2567
A = 127.06 o
a .  = 0.78 nm
a . = 0 .03
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Table 52
f = 50 MHz MgC20^H20 T = 298 K
10'*c/gm
. .-i equiv 1 AIio
A%
exp
A%
ELK
A%
Gilkerson
A%
Total
2.1509 104.01 1.85 1.49 0.28 1.77
3.3613 97.87 2.13 1.74 0.34 2.08
4.5163 92.41 2.31 1.91 0.39 2.30
5.5464 88.37 2.44 2.03 0.42 2.45
6.9667 84.23 2.61 2.17 0.45 2.62
7.8700 81.79 2.73 2.24 0.47 2.71
8.5286 80.19 2.80 2.29 0.48 2.77
10.3907 75.88 2.93 2.41 0.51 2.92
11.2011 74.75 3.04 2.45 0.52 2.97
12.1453 72.09 3.06 2.50 0.53 3.03
Best Fit Values:
Ka  -  2558_
An = 127.16 o
a .  = 0 .78  ran
0 . = 0 .52
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Table 33
f = 1.0 MHz MiC^-ttyO T = 298 K
104c/gm 
equiv l”1 AIw
Al
exp
Al
FLK
Al
Gilkerson
Al
Total
2.8180 73.86 0.32 0.31 0.00 0.31
3.8856 67.76 0.28 0.27 0.00 0.27
4.9767 63.09 0.24 0.24 0.00 0.24
5.9323 59.81 0.22 0.22 0.00 0.22
6.7888 57.33 0.20 0.20 0.00 0.20
7.6753 54.54 0.19 0.18 0.00 0.18
8.7660 51.96 0.17 0.17 0.00 0.17
10.2143 48.78 0.15 0.15 0.00 0.15
12.0294 45.99 0.131 0.13 0.00 0.13
Best Fit Values:
KA >  8799.5
A - 127.22 o
a . = 0 .6 0  nm
a = 0.41
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Table 34
f = 2.0 MHz MnCo0, -H„0 T = 298 K    2—+ 2— -----------------
lO^c/gm
ATm A% A% A% • A%equiv 1 IU exp FLK Gilkerson Total
2.8750 73.97 0.59 0.57 0.00 0.57
3.5735 69.65 0.57 0.55 0.00 0.55
4.3522 66.03 0.54 0.53 .0.00 0.53
5.7890 60.47 0.51 0.49 0.00 0.49
7.1825 55.79 0.46 0.46 0.00 0.46
8.4611 52.63 0.42 0.43 0.00 0.43
8.5205 52.44 0.42 0.43 0.00 0.43
10.1113 48.98 0.42 0.40 0.00 0.40
11.6352 46.72 0.'38 0.38 0.00 0.38
Best Fit Values:
KA >  8795 
Aq >  127,15 
a. = 0.63 nm 
0 = 0.52
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Table 35
f = 3.0 MHz MiCo0It-Ho0 T = 298
lOto/gm
-I AIw A% A% A% A%equiv 1 exp ELK Gilkerson Total
2.9046 73.66 0.79 0.73 0.00 0.73
3.6416 69.31 0.76 0.72 0.00 0.72
4.2177 66.44 0.75 0.71 0.00 0.71
4.5988 65.06 0.75 0.71 0.00 0.71
6.1400 60.05 0.72 0.68 0.00 0.68
7.6438 55.02 0.71 0.67 0.00 0.67
8.3678 53.27 0.67 0.64 0.00 0.64
9.4714 50.50 0.64 0.63 0.00 0.63
11.6333 46.71 0.60 0.59 0.00 0.59
13.3497 44.41 0.58 0.57 0.00 0.57
Best Fit Values:
Ka  = 8840-
A - 127.30 o
a = 0.61 nm
o . = 0 .1 0
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Table 36
f  = '4 .0  MHz MnC.Q.^H.O T 298 K
104c/gm 
equiv 1
> i—i
■ 
e Alexp
Al
FLK
Al
Gilkerson
Al
Total
2.8697 73.98 0.84 0.84 0.00 0.84
3.6979 69.06 0.87 0.84 0.00 0.84
4.4554 65.48 0.84 0.84 0.00 0.84
5.3792 61.89 0.83 0.83 0.00 0.83
5.6125 61.09 0.83 0.83 0.00 0.83
6.6553 57.83 0.82 0.83 0.00 0.83
8.9645 51.73 0.80 0.80 0.00 0.80
10.6162 48.64 0.77 0.78 0.00 0.78
12.2268 45.89 0.76 0.76 0.00 0.76
Best Fit Values:
Ka  = 8810
An = 127.24 o
‘ a = 0.62 nm
a =* 0.05
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Table 37
f = 5.0 MHz MatyO.UlO T = 298 K
lO^c/gm
• -i —1equiv 1 AIw
A%
exp
A%
FLK
A %
Gilkerson
A%
Total
2.9438 73.49 0.90 0.92 0.00 0.92
3.7566 68.82 0.93 0.94 0.00 0.94
5.2361 62.53 0.97 0.95 0.00 0.95
5.3526 62.04 0.95 0.95 0.00 0.95
6.9522 57.02 0.95 0.94 0.00 0.94
7.2841 56.18 0.91 0.94 0.00 0.94
9.4518 50.62 0.92 0.93 0.00 0.93
11.3181 47.34 0.91 0.91 0.00 0.91
12.8759 45.14 0.88 0.89 0.00 0.89
.... _
Best Fit Values:
Ka . = 8825 
= 127.21o
a =  0.59 nm
a .  = 0.17
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Table 38
f =' 10 MHz MnC.O.p-fyO T = 298 K
lO^c/gm 
• CT1equiv 1 • AIto
Al
exp
Al
FLK
Al
Gilkerson
Al
Total
2.8005 74.99 1.19 1.13 0.05 1.18
3.1177 72.79 1.22 1.15 0.05 1.20
3.5405 70.15 1.27 1.18 0.06 1.24
5.0395 62.94 1.35 1.25 0.06 1.31
6.0535 59.32 ' 1.39 1.28 0.06 1.34
7.1631 56.11 1.40 1.30 0.07 1.37
8.6256 52.64 1.45 1.32 0.07 1.39
9.6224 51.41 1.46 1.34 0.07 1.41
11.4320 47.62 1.48 1.36 0.07 1.42
12.4792 46.12 1.52 1.36 0.07 1.43
— -
Best Fit Values;
Ka  >  8802_
A = 127.28 o
.a  ~ 0.61 nm
a .  = 0 .18
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Table 39
f ' « 15 MHz MnC.O^ -H.Q T = 298 K
104c/gm
• -i —1equiv 1 Iw o
Al
FLK
Al
Gilkerson
Al
Total
3.3109 71.56 1.39 1.28 0.10 1.38
5.3724 61.73 1.51 1.42 0.10 1.52
5.6236 60.86 1.56 1.43 0.11 1.54
6.1878 59.49 1.57 1.45 0.11 1.56
7.0800 56.37 1.59 1.49 0.11 1.60
8.3927 53.44 1.65 1.52 0.12 1.64
9.4693 50.98 1.69 1.55 0.12 1.67
10.7521 48.75 1.71 1.57 0.12 1.69
11.7976 47.16 1.72 1.60 0.13 1.73
13.0316 45.42 1.76 1.61 0.13 1.74
Best Fit Values:
KA = 879 5_
Aq = 127.22 
a = 0.59 ran 
a = 0.80
Table 40
f * 20 MHz MnC„0 -HO T - 298 K
------------------------------------  2— 4-------2— ---------------------------------
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Kric/gm
• CT1equiv 1
AtIu A%exp
A%
FLK
A%
Gilkerson
A%
Total
3.4278 71.84 1.56 . 1.37 0.13 1.50
4.1873 67.99 1.61 1.44 0.14 1.58
5.9040 61.08 1.69 1.55 0.15 1.70
6.537 58.93 1.77 1.58 0.15 1.73
7.8733 55.58 1.82 1.63 0.16 1.79
8.8504 53.48 1.84 1.67 0.16 1.83
10.5141 53.11 1.92 1.72 0.17 1.89
11.3782 50.39 1.96 1.74 0.17 1.91
13.0020 46.85 2.06 1.77 0.17 1.94
Best Fit Values:
Ka  . » 8772
A * 127.32 o
a .  = 0 .60  nm
a . = 0.06
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Table 41
f « 30 MHz MnCo0, -H„0 T = 298 IC,------------------- -----2—h 2— ------------------
104c/gm
A t . . Al Al Al Al
equiv 1 1(0 exp ELK Gilkerson Total
3.5947 71.28 1.74 1.48 0.24 1.72
4.3624 67.39 1.85 1.56 0.25 1.81
5.3007 63.64 1.93 1.63 0.26 1.89
6.0511 61.03 1.97 1.69 0.27 1.96
8.8084 54.01 2.15 1.84 0.29 2.13
9.6265 52.42 2.24 1.87 0.29 2.16
10.1012 51.55 2.26 1.89 0.30 2.19
11.7534 48.98 2.31 1.95 0.30 2.25
12.4386 48.02 2.34 1.97 0.31 2.28
\
Best Fit Values:
Ka  = 8742
A = 127. .27 o
a = 0.60 nm 
o — 0.31
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Table 42
f  -  40 MHz MnC.O -HO T = 298 K   -----------------   2—4-----2— .---------------------------
lOV/gm 
equiv 1 AIo3
Al
exp
Al
FLK
Al
Gilkerson
Al
Total
3.4527 72,27 1.84 1.52 0.35 1.87
4.8496 65.47 2.07 1.67 0.37 2.04
5.6511 62.41 2.14 1.74 0.39 2.13
6.2987 60.40 2.20 1.78 0.40 2.18
7.7489 56.47 2.33 1.88 0.41 2.29
8.8865 53.93 2.39 1.94 0.43 2.37
9.95477 51.96 2.48 1.99 0.43 2.42
10.7328 50.72 2.50 2.03 0.44 2.47
11.8601 48.94 2.5$ 2.07 0.44 2.51
12.9221 47.61 2.62 2.11 0.45 2.56
Best F i t  Values:'
KA >  8727-
A = 127.19 o
a. -  0.61 nm
ct . “ 0 .45
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Table 43
f  = 50 MHz MntC 0 -HO T = 298 K      -----2—4——2— ------------------
K/c/gm
• T “ 1equiv 1
AtIu A%
exP
r -------
A%
FLIC
A%
Gilkerson
A%
Total
2.7503 76.84 1.85 1.45 0.41 1.86
3.6012 71.74 2.06 1.58 0.44 ' 2.02
4.5538 66.65 2.20 1.69 0.47 2.16
5.3967 63.33 2,31 1.77 0.49 2.26
6.8110 59.04 2.43 1.88 0.51 2.39
7.7502 56.52 2.49 1.95 0.52 2.47
8.4998 54.93 2.50 1.99 0.53 2.52
9.6522 52.61 2.61 2.06 0.54 2.60
10.8979 50.63 2.72 2.12 0.55 2.67
i j
12.9033 47.76 2.81 2.20 0.57 2.77
Best F it  Values:
Ka  = 8712
A = 127.20 o
a = 0 .58 nm
a . = 0.11
Table 44
f = 1.0 Miz MgS 0 -H 0 T « 298 K--------------------- -ft2—2—6 2— -------- ;---------
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104c/gm 
equiv 1 AIto
Al
exp
Al
FLIC
Al
Gilkerson
Al
Total
1.5531 138.56 0.27 0.29 0.00 0.29
2.1044 137.57 0.26 0.24 0.00 0.24
3.3220 135.75 0.19 0.17 . 0.00 0.17
4^5562 133.99 0.13 0.11 0.00 0.11
5.5511 132,97 0.10 0.09 0.00 0.09
6.2554 132.29 0.07 0.08 0.00 0.08
8.5526 130.21 0.06 0.05 0.00 0.05
10.4512 128.82 0.04 0.04 0.00 0.04
12.6945 127.27 0.04 ' 0.03 0.00 0.03
14.0521
/
126.51 0.02 0.03 0.00 0.03
Values:
= 76.5 
= 143.49 
= 0.89 nm 
= 0.06
Best Fit
K"A
A
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Table 45
f  = 5.0 MHz MgSo0 c-H20 T = 298 K
lO^c/gm
• t" 1equiv 1 AIw •8 
a A 1 
FLK
Al
Gilkerson
Al
Total
1.4519 139.58 0.86 0.85 0.00 0.85
2.2567 138.27 0.92 0.89 0.00 0.89
3.0522 136.86 0.85 0.88 0.00 0.88
4.1616 135.47 0.86 0.85 0.00 0.85
5.3482 134.07 0.78 0.79 0.00 0.79
7.2304 132.19 0.70 0.71 0.00 0.71
9.3541 130.33 0.65 0.62 0.00 0.62
11.5003 128.72 0.53 0.53 0.00 0.53
13.1478 127.54 0.47 0.48 0.00 0.48
14.3469 126.83 0.42 0.45 0.00 0.45
Best Fit Values:
a . ~ 
a . ~
76.1 
143.52 
0.86 nm 
0.16
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Table 46
f = 10 MHz MgSo0r H20 T = 298 K
lO^c/gm
T -1equiv 1 AIw
A%
exp
A%
FLK
A% 1 
Gilkerson
A % 
Total
1.6499 139.54 1.10 1.08 0.00 1.08
2.4703 138.23 1.17 1.18 0.00 1.18
3.4116 136.91 1.23 1.24 0.00 1.24
4.1998 136.02 1.28 1.27 0.00 1.27
5.7012; 134.32 1.27 1.27 0.00 1.27
6.4879 133.60 1.23 1.26 0.00 1.26
7.6504 132.52 1.25 1.24 0.00 1.24
9.7489 130.81 1.21 1.18 0.01 1.19
10.8101 129.95 1.18 1.15 0.01 1.16
12.9502 128.53 1.11 1.08 0.01 1.09
Best Fit Values;
Ka  * 68. f
A = 143.49 o
a = 0.87 nm
cr = 0 .04
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Table 47
f  = 50 MHz MgS 0 -H 0 T = 298 K   —■«■■ 2—6 2—  :--------
104c/gm i 
equiv 1
AtiO) Alexp
Al
FLIC
Al
Gilkerson
Al
Total
1.8399 139.79 1.56 1.48 0.01 1.49
2.7487 138.67 1.78 1.73 0.02 1.75
3.7898 137.45 1.98 1.95 0.02 1.97
4.8123 136.46 2.16 2.11 0.03 2.14
5.9446 135.48 2.30 2.27 0.03 2.30
7.1103 134.62 2.44 2.39 0.04 2.43
9.0049 133.24 2.67 2.56 0.05 2.61
11.3817 131.75 2.84 2.75 0.06 2.81
12.6543 130.78 2.72 2.77 0.06 2.83
14.1025 130.04 2.88 2.82 0.07 2.89
Best F it  Values:
Ka  = 46.5.
A = 143.54 o
a = 0.85 ran 
or ' = 0 .55
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Table 48
f  = 1 .0  MHz ^ 0 6lH20 T = 298 K
104c/gm _ i
equiv 1 %
A%
exp
A%
FLIC
A%
Gilkerson
A%
Total
1.5169 138.68 0.28 0.30 0.00 0.30
2.4301 137.15 0.24 0.21 0.00 0.21
3.6557 135.46 0.22 0.20 0.00 0.20
4.7989 133.88 0.10 0.11 0.00 0.11
5.8003 132.80 0.09 0.08 0.00 0.08
6.6672 131.97 0.08 0.07 0.00 0.07
7.3949 131.32 0.06 0.06 0.00 0.06
9.1102 129.91 0.06 0.05 0.00 0.05
11.6498 128.18 0.05 0.04 0.00 0.04
13.9987 126.70 0.02 0.03 0.00 0.03
Best F it  Values:*
Ka . = 7 3 .6 -
A = 143.62 o
a = 0.79 nm
a . = 0.24
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Table 49
f = 5.0 MHz MnS„0„-H„0 T = 298 K
— ■ ,..^....2 — 5 ——.,.2 —**  —■ »—■.......................
104c/gm
. -,~i equiv 1 AIw
Al
exp
Al
FLK
Al' - 
Gilkerson
Al
Total
1.6507 139.29 0.89 0.86 0.00 0.86
2.8923 137.37 0.90 0.88 0.00 0.88
4.1202 135.63 0.84 0.85 0.00 0.85
5.4447 134.14 0.80 0.79 0.00 0.79
6.7989 132.69 0.72 0.73 ; 0.00 0.73
7.8101 131.74; 0.70 0.68: 0.00 0.68
8.4213 131.17 0.63 0.65 0.00 0.65
10.5548 129.59 0.59 0.57 0.00 0.57
12.7898 127.98 0.52 0.49 0.00 0.49
14.2324 127.11 0.45 0.45 0.00 0.45
Best Fit Values:
Ka  « 65.2
A = 143.58 o
a = 0.82 nm
a = 0.07
f  = 10 MHz
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Table 
MnSo0
50
C-H,0 T =• 298 K
104c/gm
• i - 1equiv 1 . 
>
 
1-H s Alexp
Al
FLK
Al
Gilkerson
Al
Total
1.4502 139.94 1.08 1.05 0.00 1.05
3.0123 137.59 1.21 1.22 0.00 1.22
4.4524 135.91 1.30 1.27 0.00 1.27
5.6141 134.55 1.26 1.27 0.00 1.27
6.7399 133.53 1.28 1.26 0.00 1.26
7.8106 132.46 1.23 1.24 0.00 1.24
8.9534 131.53 1.22 1.21 0.00 1.21
10.9622 129.98 1.11 1.14 0.01 1.15
11.8957 129.37 1.13 1.11 0.01 1.12
13.4498 128.29 1.09 1.06 0.01 1.07
Best F it  Values:
KA = 55.7- 
Aq = 143.52 
a . = 0.81 nm 
. o = 0 .36
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Table 51
f  = 50 MHz  ^ MiS20 6lH20 T = 298 K
104c/gm
• i" 1equiv 1 AIw
n
exp
A%
FLK
A%
Gilkerson
A % 
Total
1.4898 140.27 1.38 1.36 0.01 1.37
2.7111 138.75 1.74 1.72 0.01 1.73
3.8023 137.63 1.97 1.95 0.02 1.97
5.1034 136.37 2.19 2.16 0.02 2.18
6.6527 135.09 2.40 2.35 0.03 2.38
8.0186 134.02 2.57 2.48 0.04 2.52
9.5503 132.97 2.65 2.60 0.04 2.64
10.8230 132.19 2.74 2.68 0.05 2.73
12.3541 131.31 2.84 2.76 0.05 2.81
14.4027 130.09 2.91 2.84 0.06 2.90
Best F it  Values:
KA . = 38.8 
= 143.67o
a -  0 .77  run
cr = 0.08
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Table 52
f  = 1 .0  MHz BaS20 c~H„0 T = 298 K
104c/gm
- l
equiv 1 AIw
Al
exp
Al
FLK
Al
Gilkerson
Al
Total
2.5001 146.76 0.22 0.19 . 0 .00 0.19
3.8731 144.52 0.15 0.12 0.00 0.12
4.5273 143.39 0.11 0.10 0.00 0.10
5.8716 141.15 0.06 0.07 0.00 0.07
6.4455 141.13 0.07 0.06 0.00 0.06
7.8134 138.97 0.06 0.05 0.00 0.05
8.4137 138.81 0.05 0.04 0.00 0.04
10.5013 135.98 0.03 0.03 0.00 0.03
13.0138 134.32 0.04 0.03 0.00 0.03
14.9754 133.00 0.01 0.02 0.00 0.02
Best Fit Values:
Ka  » 82.6
A = 154.32 o
a -  0.59 nm
a .  = 0.41
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Table 53
f  = 5.0 MHz BaS 0 -H 0  -2—6 2— T = 298 K
104c/gm
• i - 1equiv 1
> i— i e Alexp
Al
FLK
Al
Gillcerson
Al
Total
1.5523 149.77 0.86 0 .83 0.00 0.83
2.8412 147.16 0.89 0.85 0.00 0.85
4.6771 144.16 0.80 0.78 0.00 0.78
6.6756 141.47 0.65 0.68 0.00 0.68
8.9837 139.07 0.61 0.58 0.00 0.58
11.6074 136.62 0.47 0.48 0.00 0.48
14.5157 134.40 0.42 0.40 0.00 0.40
17.9807 132.00 0.30 0.32 0.00 0.32
22.1946 129.56 0.24 0.26 0.00 0.26
Best F it  Values:
Ka  = 79.3
Aq = 154.36 
a = 0.61 nm 
a = 0.05
Table 54
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f  = 10 M-Iz BaS„0„-H„0 T = 298 K
10**c/gni
• t” 1equiv 1 AIu
Al
exp
Al
FLK
Al
Gilkerson
Al
Total
2.1051 148.98 1.20 1.12 0.00 1.12
3.6436 146.29 1.23 1.21 0.00 1.21
5.6276 143.55 1.24 1.22 0.00 1.22
7.7348 141.11 1.19 1.18 0.00 1.18
10.2462 138.68 1.14 1.10 0.00 1.10
13.0341 136.21; 0.98 1.00 0.01 1.01
16.1715 133.92 0.91 0 .90 0.01 0.91
19.9348 131.55 0.84 0.79 0.01 0.80
24.4202 129.07 0.74 0.69 0.01 0.70
Best F it  Values:
Ka  = 78.2
A = 154.38 o
a = 0.65 ran
o  = 0 .74
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Table 55
f  = 50 MHz BaSrt0„-H„0 T = 298 K•   2—6 2—   ....
104c/gm
• -i —1equiv 1
3i—i
<
Al
exp
Al
FLK
Al
Gilkerson
Al
Total
2.6196 149.11 1.75 1.68 0.01 1.69
3.5375 147.79 1.91 1.88 0.02 1.90
4.7312 146.07 2.05 2.08 0.02 2.10
6.0029 144.73 2.30 2.24 0.03 2.27
7.4117 143.20 2.36 2.38 ; 0.03 2.41
8.7414 141.99 2.51 2.48 0.03 2.51
9.7113 141.23 2.62 2.55 0.04 2.59
11.3341 139.87 2.69 2.64 0.04 2.68
12.3739 139.06 2.76 2.68 0.05 2.73
14.5187 137.58 2.80 2.76 0.05 2.83
Best F it  Values:
Ka  = 58.9..
A„ = 154.44 o
a = 0.60 nm
a = 0 .80
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FIGURE 3 .2
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FIGURE 3 -4
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FIGURE 3 .5
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FIGURE 5 ,6
MgS20 6 CONDUCTANCE DISPERSION
FLIC
104 CONC. EQUIV. 1 “ 1
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FIGURE 3 . 7
MgS20g CONDUCTANCE DISPERSION
104 CONC. EQUIV. I ” 1
FIGURE 3 . 8  
.-‘KnSgOg CONDUCTANCE DISPERSION
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104 CONC. E Q U IV .l-1
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FIGURE 3 . 9  
MnSgOg CONDUCTANCE DISPERSION
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4 -1
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FIGURE 3+10
B aS20 6 CONDUCTANCE DISPERSION
FLK
1° 4 CONO. EQUIV. I -1
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F I G U R E  3 .1 1
4  —110 CONC- EQUIV-I-
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PART III
SECTION 3
DISCUSSION OF RESULTS
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The conductances of aqueous solutions of magnesium and manganese (II) 
oxalates and dithionates, barium dithionate and acetic acid have been 
measured at 1 KHz in this work. Experimental evidence showed that 
there is no difference in tbe magnitude of the relaxation term in 
equation (1.53) at this frequency and at zero frequency. In order to 
check the validity of this assumption by calculation, values of 
and Aq were found at 1.0 nm using the manganese dithionate data 
measured in this work. The results were obtained by using the 
Falkenhagen-Leist-Kelbg equation^ in a Fuoss-Kraus extrapolation^^, 
for frequencies up to 10 KHz, and the outcome values are shown in 
Table 56. It can be seen from this Table that the values of and
Aq are not ctffected by the changes in frequency up to 10 KHz.
( i )  Audio-Frequency R esu lts
Table 56
Frequency Effect on Evaluation of Audio-Frequency Data
Ao
ohm 1 cm2 equiv*
ka  t
1 mole
Frequency
KHz
142.91 187.9 . 0.000
142.91 .187.9 0.001
142.91 187.9 1.000
142.90 187.7 10.000
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Hie measured equivalent conductances A and the corresponding concen­
trations c in equivalents per litre are given iri Tables 13, 16 and 
20 for magnesium and manganese (II) oxalates, magnesium, manganese (II) 
and barium dithionates and acetic acid respectively. The corres­
ponding results of minimisations on the audio-frequency data by the 
complete and modified forms of Pitts and Fuoss-Hsia equations and those 
of D ’Aprano and Murphy-Cohen are shown in Tables 14 and 15 for the 
oxalate salts, Tables 17-19 for the dithionate salts, while Table 21 
contains the results for acetic acid. At the bottom of each Table, 
the best-fit values of the three parameters , AQ and a are 
listed together with the corresponding values of the variance cr , 
given by
■a = (S2/N)2 (3.20)
where §  2 is the sum of the squared deviations between experimental 
and calculated conductances given by equation (3.15), while N is the 
number of experimental points.
It was noted that the minimising and Aq values for the 
Murphy-Cohen equation were always greater than those .values obtained 
using the other equations. This is possibly due to the inclusion, in 
the treatment of Murphy-Cohen, of the force exerted on an ion by hard­
core collisions with other ions, in addition to the effects of the 
applied external field and the field of neighbouring ions. On the 
other hand, the results show that -the two forms of the Pitts equation 
yielded smaller Aq and a values than those obtained using the other 
equations. The reason for this has been discussed by Femandez-Prini 
and Prue^**^ in outline, and by P i t t s i n  detail. Pitts 
neglected the Brownian terms in the velocity of the ion in his treatment
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the Pitts equation does not allow for the kinetic (osmotic) term which 
contributes to the increase in the velocity of the ion in the Fuoss-
f l l )Onsager theoryv J .
In these minimisation techniques, the parameter AQ had the 
greatest effect on the values of {Q)2 during the variation of the three 
parameters KA , AQ and a . This is to be expected, in so far as 
AQ is the leading term in all the conductance equations. However,
Aq was relatively insensitive to the values of and a at the 
corresponding minima of ^ 2 ; over the entire ranges of K, and a 
studied, only about 0.02 conductance units changes in AQ were 
obtained.
To compare the conductance equations term by term would be very 
complicated and it is more useful to compare the resulting best-fit 
parameters, especially when comparison is to be made with other 
investigations; each electrolyte will be considered in turn.
Magnesium' and Mangariese (II) Oxalates
The results for these salts are shown in Table 57 and the results 
of other investigators are listed in Table 58. From tbe association 
constants given in Table 57, it can be seen that manganese (II) oxalate 
undergoes more ion-pair formation according to the quantitative 
conductance data. Furthermore, curves of A vs. concentration have 
been obtained by Sholder and Linstrom^1^  for the same oxalate salts. 
For these electrolytes, the measured conductivity was abnormally small, 
and this was attributed by the authors to complex ion fomation 
according to the equation
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Table 57
Present Worlc: Oxalate salts f = O.OOl MHz T = 298 K
Electrolyte ka
1 mole 1
Ao
ohm"1 cm2 equiv
a
run Conductance Equation
MgC20„ 2675 127.01 0.79 Complete Fuoss-Hsia 
(Minimisation)
2656 127.22 0.82 Modified Fuoss-Hsia 
(Minimisation)
2586 127.04 0.78 Complete Pitts 
(Minimisation)
2684 127.14 0.74 Modified Pitts 
(Minimisation)
2660 127.18 0.81 D ’Aprano
(Minimisation)
2720 127.30 0.84 Murphy-Cohen 
(Minimisation)
^ c 2o, 8930 127.29 0.60 Complete Fuoss-Hsia 
(Minimisation)
8820 127.32 0.61 Modified Fuoss-Hsia 
(Minimisation)
8705 127.19 0.59 Complete Pitts 
(Minimisation)
8880 127/21 0.58 Modified Pitts 
(Minimis ation)
8810 127.25 0.66 D 'Aprano 
(Minimisation)
9225 127.30 0.92 Murphy-Cohen 
(Minimisation)
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Table 58
Previous Work on Magnesium and Manganese Oxalates
Salt Ao A
Temp
IC Method Authors
MgC20tf 107.0
107.0
107.0
2703
2702
2564
• 291 
291 
291
Conductance
Conductance
Conductance
Money and Davies 
Davies ^120  ^
Pedersen & 2-^
M n C ^ 107.0 7700
9280
9100
291
298
298
Conductance
Potentiometric
Conductance
Money and Davies
McAuley and 
Nancollas
Davies
M  C N  ♦ M C20 ^  |M(C20 ^ 2] 2' M2+ (3.21)
In this work, however, the experimental conductances give no evidence
(117)of this; the sane conclusion was found by Money and Davies^ J in 
their conductance measurements for these salts at 291 K.
Considering the difficulties resulting from the limited solubilities 
of the oxalates, the values obtained in this work for K. , Aq and 
a are satisfactory, providing a particularly good example of typical 
incompletely dissociated electrolytes the thermodynamic association
constants of which conform to the law of mass action. The abnormally 
low conductances of these electrolytes are not due to the presence of 
electrically neutral molecules but to the ion-pair formation; this was 
indicated by measurements at high-frequency which will be discussed 
later. At the same time, it must be agreed that there is a strong 
tendancy for those oxalates to form complex ions in the presence of 
soluble oxalates; this is shown by Sholder and Linstrom^22^, Money 
and Davies t3-2^  , and by Pedersen^2^  . Hie higher association constant 
for the Mi(II) salt, with the ready availability of 3d-levels in the 
cation, illustrates this tendancy.
Unfortunately, no recent determinations of AQ at 298 K for 
magnesium and manganese (II) oxalates have been found, but in comparison
with ionic mobilities at infinite dilution at 298 K taken from
2 — 2+ 2+reference 124: Aq C204 = 74.15, A Mg = 53.06 and Aq M i «
53.10 , good agreement has been shown in Table 57. On the basis of
minimisation, it was found that the D ’Aprano equation is preferable to
tbe other conductance equations used.
Magnesium, Manganese (II) and Barium Dithionates
The results of the present work for magnesium, manganese (II) and 
barium dithionates are shown in Tables 59, 60 and 61, respectively.
Table 12 lists the and Aq values corresponding to a-values of 
0.4, 1.0 and 1.4 nm using the Fuoss-Kraus and Shedlovsky extrapolations, 
and that of function (3.13). Regarding the negative values found 
for magnesium and manganese dithionates, it is implied that for such 
salts and for a parameter values of the order 0.4 nm, it is possible 
to obtain degrees of dissociation greater than unity. The same
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Table 59
Present work: MgS^O^ f = 0.001 MHz T = 298 K
\(1 mole )
A
,  -1 2° • “1ohm cm equiv
a
nm Conductance Equation
134.6 142.66 0.4 Falkenhagen-Leis t-Kelb g
174.5 142.76 1.0 (Extrapolation 3.13)
193.0 142.71 1.4
-42.0 144.80 0.4 Complete Pitts
88.9 145.20 1.0
151.5 145.38 1.4 (Extrapolation 3.13)
-9.5 142.69 0.4 Complete Fuoss-Hsia
175.6 143.50 1.0
250.3 143.70 1.4 (Extrapolation 3.13)
137.5 142.11 0.4 Limiting Law
137.9 141.90 1.0
137.6 141.76 1.4 (Extrapolation 3.5)
192.5 141.07 0.4 Limting Law
160.4 139.87 1.0
145.6 139.33 1.4 (Extrapolation 3.9)
80.0 143.55 0.87 Complete Fuoss-Hsia 
(Minimisation)
85.0 143.48 0.99 Modified Fuoss-Hsia 
(Minimisation)
33.0 143.30 0.76 Couplete Pitts 
(Minimisation)
69.0 143,36 0.61 Msdified Pitts 
(Minimisation)
92.0* 143.45* 0.82* D ’ Aprano (Minimis ation)
97.0 143.68 0.89 . Murphy-Cohen
(Minimis ation)
*
P re fe rred  Values
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Table 60
Present work: MnS 0 f = 0.001 MHz T = 298 IC 2—6   -----------------
ka
(1 mole *)
A0
ohm 1 cm2 equiv”1
a
nm Conductance Equation
129.8 142.68 0.4 Falkenhagen-Leist-Kelbg
170.2 142.79 1.0 ! V
188.7 142.79 1.4 (Extrapolation 3.13)
-43.6 144.93 0.4 Complete Pitts
89.2 I 145.37 1.0
153.5 145.62 1.4 (Extrapolation 3,13)
-14.8 142.71 0.4 Complete Fuoss-Hsia
174.1 143.64 1.0
250.0 143.88 1.4 (Extrapolation 3.13)
135.2 142.18 0.4 Limiting Law
135.1 141.93 1.0
134.6 141.77 1.4 (Extrapolation 3.5)
193.4 141.36 0.4 Limiting Law
159.0 139.94 1.0 (Extrapolation 3.9)
143.5 139.32 1.4
69.0 143.60 0.80 Complete Fuoss-Hsia 
(Minimisation)
82uO 143.60 0.99 Modified Fuoss-Hsia 
(Minimisation)
25.0 143.30 0.77 Complete Pitts 
(minimisation)
59.0 143.41 0.56 Modified Pitts 
(Minimisation)
88.0* 143.48* 0.81* D ’ Apr ano (Minimis ation)
96.0 143.83 0.85 Murphy-Cohen
(Minimisation)
*
P re fe rre d  Values
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Table 61
Present work: BaS„Oc f = 0.001 MHz T = 298 K
*—  ■ ■ ■    2.— 6  ■   —  -  - ■....
ka
(1 mole-1)
A0
ohm-1 cm2 equiv"1
a
nm Conductance Equation
243.9 153.93 0.4 Falkenhagen-Leist-Kelbg
'278.5 154.00 1.0
294.5 153.98 1.4 (Extrapolation 3.13)
38.5 155.86 0.4 Complete Pitts
120.8 156.21 1.0
179.54 156.41 1.4 (Extrapolation 3.13)
76.3 153.74 0.4 Complete Fuoss-Hsia
274.0 154.80 1.0
352.9 155.08 1.4 (Extrapolation 3.13)
185.8 153.35 0.4 Limiting Law
183.0 153.06 1.0
181.0 152.86 1.4 (Extrapolation 3.5)
217.5 152.41 0.4 Limiting Law
184.0 150.99 1.0
168.5 150.34 1.4 (Extrapolation 3.9)
87.0 154.39 0.62 Complete Fuoss-Hsia 
(Minimisation)
85.0 154.39 0.64 Modified Fuoss-Hsia 
(Minimisation)
53.0 154.23 0.60 Complete Pitts 
(Minimis ation)
103.0 154.36 0.56 ftfodified Pitts 
(Minimisation)
120.0* 154.37* 0.62* D 'Aprano (Minimis ation)
135.0 154.61 0.89 Murphy-Cohen
(Minimisation)
3
*
P re fe rre d  Values
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behaviour has been found by other workers for different salts of small 
I<A . D'Aprano^20  ^ concluded from tbe negative K» value obtained for 
lithium perchlorate that the association of lithium perchlorate is 
nearly zero in water at 298 K. The same conclusion was given for the 
behaviour of bis(2, 9-dimethyl-l,10-phenanthroline)Cu(I) perchlorate in 
acetonitrile, nitrobenzene and nitromethane at 298 K, solvents with 
relatively high dielectric constants, by Miyoshi^28-^. The complex 
salt was found to be completely dissociated in these solvents , since 
treatment of the data by a three-parameter equation gave a negative 
with a larger standard deviation. The same trend was also found for 
the conductances of magnesium and manganese disulphonates . Another 
feature of Table 12 is that tbe complete Pitts equation unexpectedly 
yields values of AQ larger than those given by the Falkenhagen-Leist- 
Kelbg and Fuoss-Hsia equations. For tbe three dithionate electrolytes 
studied the standard deviations of the extrapolation plots gave 
variations of the order of 0.071 in AQ and 0.51 in KA , according to 
the method of extrapolation.
In the case of tbe barium dithionate data a AQ was fixed as 
154.37 for tbe D ’Aprano equation which is in' good agreement with the 
literature value given by Langdon and Matheson^2^ . A re-analysis 
of the conductometric results of these workers for barium dithionate 
was carried out by Prue and his co-workers ; they obtained tbe 
values A = 154.36, KA » 136 and a = 1.25 nm . The usual effectO ' A  —
of an increase or decrease in A was found; it was noted that theo
slight change of Aq Q  BaS206) to 154.37 from the value of 154.46
derived by Langdon and Matheson from measurements on sodium dithionate
inproves th e  f i t .
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No previous conductometric measurements at 298 K for magnesium 
and manganese dithionates have been found, but osmotic coefficients 
were determined by Prue and Chris toffersen^^, from cryoscopic 
measurements on aqueous solutions of magnesium, barium, calcium and 
manganese (II) dithionates. In the analysis of the results, the 
alternative procedures of treating the salts as either completely or 
incompletely dissociated are both considered by the authors, and a 
comparison is made with the behaviour of the 2-2 sulphates. The 
incomplete dissociation treatment fits the results for these dithionates 
up to a concentration of approximately 0.05 mol Kg 1. In calculating 
Ka  , a choice was made for the closest distance of approach of free 
ions (the association distance) d and for each experimental point the 
degree of dissociation a was calculated by successive approximations. 
The average values of for the three values of chosen are given 
in Table 62.
Table 62
Association Constants of 2-2 Dithionates 
Data of Prue and Christoffersen^70^
d == 1.39 nm . fl .= 0.86 nm d_= .0.60'nm
Electrolyte
KA ... KA ..... . . . ka ..
MgS206 100 66.6 26.3
M!S20 g 100 71.4 27.0
BaS206 200 167 125
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If treated as completely dissociated, all dithionates except that 
of barium, have osmotic coefficients which correspond to a Debye-Huckel 
ion size parameter of approximately 0.5 nm, if no linear term is added.
A  comparison of Tables 59-61 with Table 62 shows that the 
values obtained in the present work are significant since the association 
constants were determined by an independent minimisation method.
From the present discussions, it is concluded that the magnesium, 
manganese (II) and barium dithionates should be treated as essentially 
incompletely dissociated electrolytes. The bivalent dithionates, as 
also the bivalent benzene disulphonates^7-^, are certainly ion-paired 
to some extent, in aqueous solution. There is still no example of a 
"strong" 2-2 valent electrolyte, in this sense.
Acetic Acid
The results obtained in this work for acetic acid are summarised 
in Table 63 and the results of previous work are given in Table 64.
Once again, there is a difference in the values of the parameters found 
in these investigations. This is probably due to the variety of 
techniques and models for evaluation of the parameters. Maclnnes and 
Shedlovsky^2^  measured the conductivity of acetic acid at 298 K in 
the concentration range c ~ 0,00003 to c = 0.2 ; the corresponding 
values of KA vary between 57077 and 61236. By applying Kohlrauch's 
law to the known limiting conductivities of the strong electrolytes, 
Maclnnes and Shedlovsky^128  ^ estimated Aq by combining empirical 
equations for the conductivity of the strong electrolytes hydrochloric 
acid, sodium chloride and sodium acetate, thus obtaining an approxi­
mation to the degree of dissociation and a new value of ionic concen-
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Table 63
Present worlc: Acetic Acid f = 0.001 MHz T = 298 K
ka
(1 mole x) .
Ao
ohm.1 . cm2 . equiv 1 .
a
nm Conductance Equation
57270 390.70 0.52 Complete Fuoss-Hsia 
(Minimisation)
57280 390.70 0.51 Modified Fuoss-Hsia 
(Minimisation)
57315 390.52 0.52 Complete Pitts 
(Minimisation)
57300 390.72 0.48 Modified Pitts 
(Minimisation)
57300 390.71 0.52 D ’Aprano
(Minimisation)
57580 389.0 0.99 Murphy-Cohen 
(Minimisation)
Ta-ble 64
Previous work: Acetic Acid f = 0.001 MHz T = ' 298 K
ka  t
(1 mole"1)
A0
ohm 1 cm2 equiv 1
Method •Authors
57142 Po tentiometr ic Hamed and
OweJ127)
57077 390.59 Conductance Maclnnes and 
Shedlovsky^28^
56883 391.60 Conductance Ives^129)
57012 Potentiometrie Harried et al.^83^
57129 390.99 Multiparametric
curve-fitting
Meites^181^
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that the undissociated acetic acid with increasing concentration had
(129)no effect on the properties of the solvent. Ives J determined AQ 
of acetic acid (391,6) from conductance data for the Na salt.
Association constants were calculated by plotting the logarithms of 
the Ka  against /c , assuming different values of Aq in the range 
389-391; he found that within this range K^ was independent of the 
Aq chosen, so he reported the value of given in Table 64.
The potentiometric method is very convenient for the calculation
of ionisation constants of weak acids. It depends essentially on the
construction of a cell H2|HA, NaA, XY |X where HA is a weak acid
and X is an electrode reversible to one ion of the electrolyte XY
whose ionic concentration is known, i.e. usually XY and HY must be
strong electrolytes. Hamed and Ehlers^*^, from potentiometric
measurements with HA = acetic acid, reported ~ 57836 as a first
approximation. The logarithms of the dissociation constants at
different concentrations, not corrected by activity coefficient terms,
were plotted against the total ionic strength and the curve extrapolated
to zero concentration; limiting value of log 1/K^ corresponds to
(131)the value of listed in Table 64. Mare recently, Meites^ J has 
used the data of Maclnnes and Shedlovsky^2^  for evaluating of
acetic acid by using the multiparametric curve-fitting method. The
technique involves the choice of a set of equations describing the 
value of the measured variable A in terms of the independent variable 
(here concentration) and a number of parameters (including AQ , a 
and Ka) and the selection of values of those parameters leading to the 
best fit to the original data. Moreover, this procedure does not need 
the prior knowledge of Aq or of the concentration dependence of the
t r a t io n .  In  computing from th e  law o f mass a c tio n , they assumed
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equivalent conductance of any related strong electrolytes under the 
same conditions. M eites^^ suggested that the range 0.55 ^  a ^
0.75 nm gave the best solution to the problem, since the values 
obtained for the other parameters, and Aq , were independent of
a over this range; final values of I(A and Aq are listed in 
Table 64. Inspection of these values with those obtained in this work 
indicates good agreement.
So far as we are aware, the present study is the first application 
of recent conductance data and a minimisation technique to such weak 
electrolytes.
Measurements at higher concentrations were carried out in this 
work and the experimental data are tabulated in Table 65, together with 
the minimising values of KA , Aq and a . However, the K. values
Table 65
102c/gm 
mole l~l Aexp Minimising Parameters
1.6017
5.6320
7.4931
19.3811
51.1203
76.6801
12.78
6.95
6.03
3.79
2.35
1.93
Ka  = 58350
A ' * 389.87 0
a = 0.51 nm
at such, concentrations showed a small upward trend with increasing 
concentration. This is probably due to activity effects of the
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Q32)tlie conductivity of tbe solutionv J, and even dimerisation of the
aciri133L
u n d isso c ia ted  m olecules, th e  p o ss ib le  e f f e c t  o f changing viscosity* on
(ii) Radio-Frequency Results
Hie dispersions of equivalent conductance of aqueous solutions of 
magnesium and manganese (II) oxalates and didiionates, and of barium 
dithionate have been measured at different concentrations in die range 
1.5 x 10 h to 2.O x  10"3 equiv I-1 and within the frequency range 
1-50 MHz. Hie dispersion effect of these electrolytes has been 
expressed in relative terms by comparison with potassium chloride which 
is taken as reference electrolyte, and assumed to show the theoretical 
Falkenhagen effect. Hie foregoing Tables 22 to 55 show the experi­
mental results, together with two dieoretical percentage dispersion 
terms in conductance: one is due to the ion atmosphere relaxation as
calculated from the Falkenhagen-Leist-Kelbg equation (Alp^) by 
equation (1.52), and the other (extra dispersion) due to the equilibrium 
of tbe free ions - ion-pair relaxation as calculated from die Gilkerson 
equation (1.58). Tbe total theoretical dispersions (A^Xotal^ are 
also shown, given by
A%Total = ^FLK^ * ^ G i P  (3-23)
The results of applying minimisation techniques to the conductance 
data for the three parameters KA , AQ and a are also included in 
Tables 22 to 55. Two such techniques were used for die treatment of 
die measured conductance data. Hie first was used in tbe frequency
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range 1 to 5 MHz, where the effect of ion-pair relaxation (Gilkerson 
effect) is negligible. Equation (3.19) was applied to calculate the 
conductances for the minimisations. Above 5 MHz the Gilkerson term 
was included in (3.19) and the result is the following equation:
A = (Aq - AA) (1 + AX/X) /(l + 3cf>/2) + Rel^CX*
- Relf + AG (3.23)
where AG represents the extra increase 'in conductance dispersion as 
calculated from Gilkerson (1.58). However, equations (3.19) and (3.23) 
are only first approximations to high-frequency conductance equations; 
the frequency dependent relaxation term has only been involved up to
ic2 power and higher cross terms have not been included. Generally, it 
can be seen from cr values in Tables 22 to 55 that the error associated 
with the conductance data at radio-frequency was much greater than the 
previous error in audio-frequency determinations. Nevertheless, a 
sensible fit (expressed as <y) was obtained between the experimental 
and calculated conductances considering the difficulties of such high- 
frequency measurements.
In Figures 3.2 to 3.11 a comparison of the experimentally measured 
dispersions for these electrolytes was made with the dispersion 
predictions of the Falkenhagen-Leist-Kelbg^ equation (Alp^^ - solid 
lines) and with the total dispersion (AITota£ ~ dotted lines) ; in 
calculating A l ^  and ^ o t a l  J the ^^inu-sffig parameters K^ ,
/ \  and a were used for each particular case. In all cases, results 
show quantitative agreement with the theory and thus do exhibit an 
effect corresponding to the ion-atmosphere relaxation (Alp^) . Such 
change of conductance due to frequency of the measuring field is called
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the "Normal Falkenhagen Effect". At 10 MHz and above, the experimental 
points lie above the , and this deviation increases with increase
in concentration. Taking the free ions - ion-pair relaxation into 
account resulted in good agreement between the experimental points and 
the A16 sum °± Falkenhagen-Leist-Kelbg and Gilkerson
effects. Such behaviour indicates that the purely interionic attrac­
tion theory does provide a reasonably adequate description of the 
behaviour of an ideal electrolyte in a single solvent, and the deviation 
of experimental dispersion from dispersion due to relaxation of the ion 
atmosphere may be accounted for by an increased dissociation of ion- 
pairs, as allowed for by the treatment of Gilkerson. Since the 
conductance measurements are made at several concentrations for each 
frequency, and because the literature lacks results on the same 
electrolytes examined here, it is not convenient to compare directly 
the results for the different electrolytes, or even those for the same 
electrolytes at different frequencies but in comparison, roughly, with 
the previous work on magnesium and manganese (II) sulphates ^ , it 
is clear that the dispersion here is greater for magnesium and 
manganese (II) oxalates. This can be attributed to there being more 
ion-pairs in the oxalate salt solutions at any concentration, which 
would be expected to give greater dispersion under tbe high frequency 
field; the deviations are greater the "weaker" the electrolytes at 
w = 0 , suggesting that ion-pairs may dissociate and so contribute to 
the radio-frequency conductance of these electrolytes.
For each of the oxalate and dithionate electrolytes studied here 
the minimising parameters showed no apparent trends in Aq and a 
with frequency. Table 66 lists the minimising values for each 
electrolyte at each frequency used from which it can be seen that the 
association constants obtained show some dependence on frequency. This
- 1 8 1 -
Table 66 
Variation of IC^  witb Frequency
Frequency  ^ 1 mole"
l
MHz MgC20 4 MiC20 4 MgS206 MnS20 G BaS20 5
0.001 2660 8810 80.0 69 87
1 2620 8799.5 76.5 73.6 82.6
2 2611.6 8795 - - -
3 2604.5 8840 , - - -
4 2597.6 8810 - - -
5 2613 8825 76.1 65.2 79.3
10 2605 8802 68.7 55.7 78.2
15 2603 8795 - - -
20 2588.5 8772 - - -
' 30 2574.5 8742 - - -
40 2567 8728 - - -
50 j 2558 8712 46.5 38.8 58.9
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variation of K^ witli frequency may be called die "Second Falkenhagen 
Effect" (analogous to variation of widi E of applied field, the 
Second Wien Effect^88^). In Figures 3.12 to 3.16 tbe values of IC^  
are plotted against the frequency for each electrolyte. The figures 
show that KA decreases above a certain frequency .up to 50 MHz, tbe 
highest frequency of measurements. Thus, tbe "Second Falkenhagen 
Effect" has been shown by bodi oxalate and dithionate salts; in all 
diese electrolytes tbe frequency at which a decrease in is apparent 
is close to die frequency where the magnitude of ion-pair relaxation 
due to Gilkerson theory becomes significant.
As mentioned before, for the frequencies of 10 MHz and above,
equation (2.23) was used to calculate conductances for tbe minimisations
in which Gilkerson term (AG) was included. The measurement technique
used in this investigation involves tbe application of an alternating
electric field, and tbe chemical equilibrium to be observed must
("47)involve a charge-reduction process. Now, according to Onsagerv J,
the rate constant k1 for the dissociation of the ion-pairs in tbe
equilibrium (1.55) is increased by a field of increased intensity, while
the rate constant for recombination 1<2 is unaffected. It has been
possible to estimate the first-order rate constant k1 for dissociation
of outer-sphere ion-pairs (according to the Eigen model^4(9^ ) to free
ions by use of the Gilkerson equation. (1.58). The second-order rate
constant of ion recombination k2 * can be estimated from tbe following
C47)expression due to Onsageff J
k2 = -y y  6 Ag 1 mole"1 sec'1 (3.24)
where Aq i s  th e  l im it in g  eq u iv a len t conductance o f  the  io n s , F is
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the Faraday constant, D is the dielectric constant, N is the 
Avogadro constant, e is the electronic diarge and |Z| is the charge 
of the ion. Tie Gilkerson temi was then evaluated for various values 
of kj and those values giving the best agreement between experimental 
conductance increase and the theoretical values of were use(1
in the compilation of Tables 22 to 55. The values of k^ giving the 
best fit to the experimental data were as follows
MgC20, lcx = 0.9 X o
<£> sec
M iC20^ = 8.5 x 108 sec"
MgS206 ki
LOT—1II x 109 sec”
M iS206 ki = 1.5 x 109 sec
BaS206 k! « 1.8 x 109 sec-J
According to Eigen^4^  a two-step mechanism for ion association 
can be postulated for the ion-pair equilibrium
X2ab + Y2' t o  X2+(H 0) Y2" ^  (X2 + Y2') (3.25)
a q  d q  n  ^  2
from which the overall association constant for the reaction can be 
written as
ka - ■
C(X2+ Y2-)] + Dc2+(H20) Y2-]
e g  e g
= ^ ( 1  + K,)
(3.26)
where Kj and K3. are outer-sphere and inner-sphere association 
constants respectively (K^  = k2/kj- ; K3 - k4/k3). Evans and Gardam(134)
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and Petrucci et al.^'^,^ ‘^  have tested tliis simple mechanism for some 
tetraalkylammonium salts in 1-butanol, and for a number of benzene- 
disulphonates in methanol, respectively.
Kx and K3 have been both estimated in the following way: k2
was assumed frequency independent, and calculated from Onsager equation 
(3.24) while k , dependent upon frequency, was obtained from minimi­
sation of experimental data using equation (3.23) for the theoretical 
conductance calculations. Thus, Kx was calculated from k2/kj , 
and K3 then calculated from equation (3.26), since both and 1% 
were known. It should be mentioned here that a three-parameter 
minimisation program was written with , a and ka . as the three 
variables. AQ was fixed initially at the same value as that found 
from the analysis of audio-frequency measurements. Table 67 shows a 
typical set of results for magnesium oxalate.
Table 67
Results for a Two-Step Madel for MgCo0,i
Frequency
MHz
ki
108 (sec"1)
ka
(1 mole x)
Ki _
(1 mole"1) 
(= V ki)
Ks
(KA “ y / K ,
10 14.6 2605 25.3 101.9
15 18.5 2603 20.0 129.2
20 25.7 2588.5 14.4 178.8
30 . 29.4 2574.5" 12.6 239.3
40 36.6 2567 10.1 253.2
50 41.7 2558 8.8 289.7
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The above Table indicates that when lc2 is assumed to be frequency 
independent, then k1 and K3 both increase, while decreases, 
witli increase in the frequency of the applied field. Thus, tbe number 
of solvent-separated ion pairs (from Kx) decreases with increase in 
.frequency, and is not compensated by the increase in contact ion pairs 
(from K3) ; decreases overall.
We may conclude tbat, in these incompletely-dissociated electrolytes 
magnesium and manganese (II) oxalates and dithionates and barium 
dithionate, there are two frequency effects, one due to relaxation of 
the ion atmospheres which has been calculated by the Falkenhagen-Leist- 
Kelbg equation (1.52), the other due to relaxation of tbe ion-pair 
equilibrium as calculated by the Gilkerson equation (1.58).
The measurements of the high-frequency conductance of acetic acid 
were carried out in this work at 1, 5, 10, 25 and 50 kHz. The dispersion 
effect of the acetic acid was observed with respect to potassium 
chloride solution, which was again taken as the reference electrolyte 
and assumed to show the theoretical effect. Tbe results are shown in 
Table 68. Tbe theoretical dispersions of potassium chloride at the 
same range of frequency and concentration as that in Table 68 were 
calculated by the Falkenhagen-Leist-Kelbg equation (1.52), and the 
results are shown in Table 69. It can be seen from Tables 68 and 69 
that tbe percentage increase in conductance for both electrolytes are 
very close to each other. According to these results, it is obvious 
tbat acetic acid does not exhibit any extra conductance corresponding 
to tbe Gilkerson effect. This is in agreement with tbe findings of 
Whitmore in 1933 and with Singh^38  ^ in 1960. We conclude that 
acetic acid, being present either as free ions or as neutral molecules 
which cannot be dissociated by tbe alternating field, thus does not 
show the "Second Falkenhagen Effect".
Table 68
Variation of Percentage Increase in Conductance of 
Acetic Acid Solutions with Concentration
A “ -390.70 a = 0.52 nm.-o -----------------  —
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103c/gm 
moles 1 1
Frequency (MHz)
1 5 10 25 50
0.5632 0.04 0.18 0.25 0.31 0.35
0.8214 0.03 0.18 0*25 0.33 0.37
2.0561 0.02 0.14 0.24 0.39 0.41
5.8376 0.01 0.13 0.24 0.41 0.51
9.5420 0.00 0.11 0.23 0.41 0.54
42.8901 0.00 0.05 0.14 0.37 0.58
75.3800 0.00 0.03 0.11 0.34 0.55
120.80000 0.00 0.02 0.08 0.29 0.55
572.1000 0.00 0.01 0.03 0.15 0.40
766.8000 0.00 0.01 0.02 0.13 0.35
900.000 0.00 0.01 0.02 0.12 0.33
*
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Table 69
Variation of Percentage Increase in Conductance of 
Potassium Giloride Solutions with Concentrations
A = 149.93 a = 0.31 nm—o------------------ —
103c/gm Frequency (MHz)
mole 1 1 1 5 10 25 50
0.5632 0.03 0.26 0.42 0.62 0.74
0.8214 0.02 0.22 0.41 0.65 0.82
2.0561 0.01 0.15 0.27 0.57 0.87
5.8376 0.00 0.04 0.14 0.49 0.83
. 9.5420 0.00 0.02 : 0.10 ; 0.38 0.77
42.8901 0.00 0.01 0.02 0.13 0.42
75.3800 0.00 0.00 0.01 0.08 0.28
120.8000 0.00 0.00 0.01 0.05 0.20
572.1000 0.00 0.00 0.00 0.01 0.06
766.8000 0.00 0.00 0.00 0.01 0.05
900.0000 0.00 0.00 0.00 0.01 0.04
-
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PART IV 
SECTION 1
CONCLUSIONS
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1. The conductances of aqueous solutions of magnesium and manganese (I I) 
oxalates and dithionates, and of acetic acid and barium dithionate, 
were measured at audio- and radio-frequencies.
2. Dispersion of conductance at the radio-frequencies used (1 to 50 MHz) 
has been observed with respect to potassium chloride, which was 
taken as the reference electrolyte and assumed to show only the 
Falkenhagen (ion-atmosphere relaxation) effect.
3. The evaluations of the conductance data at audio-frequency were
carried out by using the following conductance equations: the
complete and modified forms of the Fuoss-Hsia^9 > , and Pitts^8>29^
equations and the equations of D ’Aprano^2^  and Muipby-Cohen^28^.
Each equation has been treated as a three-parameter equation in
terms of tbe association constant, , the distance of closest
approach of free (but perhaps solvated) ion a and tbe conductance
at infinite dilution A .o
The Murphy-Cohen and D'Aprano equations were in good agreement, 
the othersgiving the most satisfactory treatment of audio-frequency 
data for all the salts investigated in the present work.
4. The different methods available for the evaluation of the three
parameters, , Aq and a from audio-frequency conductance 
data have been reviewed. These methods of evaluation were 
conveniently divided into two classes: extrapolation and minimisation.
5. Tbe extrapolation technique was used particularly in this work for 
the magnesium, manganese(II) and barium dithionate data, with the 
following equations: Shedlovsky^3  ^, Fuoss-Kraus0-^1) and
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f5)Falkenhagen-Leist-Kelbgv J equations, and those of the complete 
forms of Pitts ®  and Fuoss-Hsia^9^. The numerical values of 
Ka and Aq were found to be very dependent upon the selected 
values of the a parameter and the theoretical model used.
6. The audio-frequency data for all electrolytes studied in this 
work were analysed by the minimisation method to evaluate ,
Aq and a , using the complete and modified forms of Fuoss-Hsia 
and Pitts equations, and those of D ’Aprano and Murphy-Cohen.
7. The radio-frequency conductance data were analysed by a minimi­
sation program in which the complete form of the Fuoss-Hsia 
equation incorporated the relaxation term of Falkenhagen-Leist- 
Kelbg, to account for the effects of ion-atmosphere relaxation. !
8. From the analysis of magnesium, manganese(II) and barium dithionates, 
it is concluded that these salts should be treated as essentially 
incompletely dissociated electrolytes.
9. The magnesium and manganese (I I) oxalates and dithionates, and 
barium dithionate, showed an increase in conductance in a radio­
frequency field. This could be explained in terms of two effects:
(5)the ion atmosphere relaxation due to the Falkenhagen-Leist-Kelbgv 
theory, and the relaxation of ion-pair equilibrium as calculated 
by G i l k e r s o n . All the salts examined exhibited variation 
in the values of their association constants with frequency which 
could be attributed to the ion-pair relaxation equilibrium. From 
Gilkerson*s theory, the rate constants for the rate of ion-pair 
dissociation have been evaluated by using the Onsager equation for 
the rate of free ion recombination.
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The dispersion effect of acetic acid has been observed with respect 
to potassium chloride solution. From the results, it was found 
that acetic acid does not exhibit any effect corresponding to the 
dissociation field effect. So, it could be concluded that this 
electrolyte is present either as free ions, or as neutral molecules 
which cannot be dissociated by the alternating field.
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PART IV 
SECTION 2
APPENDICES
APPENDIX 1
Hydrolysis Correction for Magnesium and Manganese (II) Oxalates 
Conductance Measurements
In measurements of the conductivities of salts it has been usual
to sub tract the conductivity of the solvent water from the specific
conductivity of the salt solution, and this has been done even when one
or other ion of the salt studied has acid or basic characteristics.
Consideration shows that this (normal) solvent correction cannot be
(130)correct, and Wynne-Jones v J has pointed out, without giving calcula­
tions, that the (normal) solvent correction is not applicable to salts 
of weak acids. The method of Davies'- J was used to correct the 
measured specific conductances of the magnesium and manganese (II) 
oxalates. If M is assumed to represent either Mg or Mn, the 
hydrolysis equilibria may be expressed as follows
MC 0 ---\ M*+ + C 0 2"
2  4    £ h
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~ 7H„C0 — ^  H+ + HOOT ; K = 4 . 3 x 1 0
2  3 X- — 3 * a
HGO"— a  H+ + CO2" ; K = 5,9 x 10 123 —  3 ’ a
H„C_0. — * H+ + HC 0 ; K » 5.36 x 10~22 2 h y —  2 h 5 a
HC„0"  H+ + C 02" ; K = 5.3 x 10"52 4 x  2 A 5 a
Hence, a small program has been written in Algol to calculate the con­
centrations of hydrogen, bicarbonate and hydrogen oxalate ions 
respectively for each stoichiometric concentration. At 298 K,
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= 1 x 10 , and the total concentration of C02 in equilibrium
— 5 ( ^ 0  ) — 1water at 298 K was talcen as 1.4 x 10“ gm mole 1 . It will be evident
that the concentrations of oxalic acid, hydroxyl and carbonate ions are 
each about 6-7 x 10"10 and therefore negligible.
In tlie present instance tbe conductivity of the hydrogen, bicarbonate 
and hydrogenoxalate ions must be deducted from tbe specific conductivity 
of the solutions, and an amount corresponding to tbe conductivity of the 
oxalate ions that have disappeared must be added to it; mobilities at
infinite dilution of H+, HC0~ and HC20~ ions were talcen as 350, 44.5^9 8 ^
f 141  ^ — 1 — 1 ~ 1and 40.2u J ohm cm 1* gm^  equiv respectively.
Careful measurements of the specific conductance and pH of dilute 
solutions of magnesium and manganese oxalates at 298 K were carried out 
in the present work because of the complication introduced by partial 
hydrolysis of the ions. The pH values for tbe above calculations were 
measured with the direct-reading pH meter model 23A (Electronic 
Instruments Ltd.) using combined glass/calomel electrodes, and making a 
run similar to a conductance dilution run, i.e. starting with solvent 
and adding portions of oxalate salt stock solutions under examination.
The results of pH values- were plotted on a large scale against /c 
for interpolation at the required concentrations.
The values of the combined corrections described above varied from
— b — 1about 2.2 equivalent conductance units, at 2.0 x 10 equiv. 1 , to
— 3 — 1about 0.4 equivalent conductance units, at 1.5 x 10 equiv. 1 .
These corrections have been applied to tbe equivalent conductance data
of magnesium and manganese oxalates listed in Section 2 of Part III.
The above method of hydrolysis correction was assumed to be valid 
for the conductances at both audio- and radio-frequencies.
_ 1 4
Ion Association of Potassium Chloride in Dioxane-Water Mixtures by 
Conductance Measurements
Introduction
The effects of viscosity, temperature and dielectric constant upon
the conductivity of solution of electrolytes have long been popular
subjects for investigation. The accumulation of more and more
conductance data in mixed solvent systems has continued to emphasise
the inadequacy of the continuum solvent model used in all quantitative
(1 2 )theories of electrolytes. The electrostatic theory of conductancev J 
considers the effects of the ionic charges on mobility and on relative 
concentration of the free ions, using as a model charged spheres* to 
represent the ions and a structureless continuum to represent the solvent.
This model and theory based on it has been quite successful in
accounting for the observed behaviour of quartemary ammonium salts in
a variety of solvents(^^; in these cases, the ions are large compared
to the solvent molecules. Even potassium chloride shows marked
deviations from the simple predicted behaviour if a comparison is made
f!4 3 )between results in solvent systems of different character^ J. 
Unfortunately, the continuum solvent model is so basic to the theoretical 
equations used in data treatment that the introduction of specific 
solvent effects is awkward and not very fruitful (144-146) seems 
extremely difficult to determine just where specific solvent effects 
enter into the conductance and association process from conductance data 
alone.
-  2 0 0  -
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In particular, the contact distance a between ion pairs obtained • 
from dependence of the association constant on dielectric constant agrees 
closely with the sum of the radii obtained from the limiting conductances 
by applying an electrostatic correction to Stolces l a w ^ ^ . Also, tbe 
value of this parameter a obtained from the curvature of tbe phoreogram 
is in fair agreement with the other two values .
It was our purpose to examine the behaviour of potassium chloride 
in the water-dioxane solvent system. Potassium chloride has small ions; 
since association depends on the Bjerrum parameter b = e2/a D1<T , we 
would expect association to become significant at higher dielectric 
constants than for the quaternary salts. The water-dioxane solvent was 
chosen because of the wide range of dielectric constant which can be 
covered, since water is a hydrogen-bonding solvent; and since the water 
molecules has a fairly large dipole moment in a small volume, ion- 
solvent interaction should be readily observable.
Experimental
The experimental details of the conductance measurements have been
described in Part II. Dioxane was purified from peroxides, and tbe
aldehyde content decreased, by percolation through a column of activated
alumina (80 gm per 100-200 mis of solvent). The dioxane was then 
(T48)heated on a steanr J bath with solid KOH until fresh addition of KOH 
gave no more resin formation (due to acetaldehyde present). After 
filtering through paper, the dioxane was refluxed over sodium metal, 
with slow passage of nitrogen to remove traces of acetaldehyde, until 
the surface of the metal was not further discoloured during several hours. 
It was then distilled from sodium, care being taken not to continue
-  2 0 2  -
distillation near to dryness. All solvent mixtures and stock solutions 
were prepared by weight, and all measurements were made by the weight 
dilution technique. Hie solvent properties were interpolated from the 
values of Fuoss et al. ^  ^  .
Data Analysis
Hie conductances of potassium chloride in water-dioxane mixtures of 
10, 20, 40, 50, 65 and 80 weight percent dioxane have been measured at 
audio frequency (1 KHz), Hie methods of computation may be 
conveniently divided into two classes: extrapolation and minimisation,
which were both discussed fully in Part III. All data were analysed 
by the minimisation technique, using the following conductance equations,
the complete and modified forms of P i t t s and Fuoss-Hsia^’
(20) (25)equations, and those of D ’Aprano^ J and Murphy-Cohenv . For the
noil (101)extrapolation method, the Fuoss-Kraus^ J and Shedlovsky'-1 -' equations,
together with the extended conductance equations, incorporating a , of
Fuoss-Hsia , Pitts ^  and Falkenhagen-Leist-Kelbg^ were used.
Discussion
Hie conductances of potassium chloride have been measured in water- 
dioxane mixtures at 298 IC over the composition range 101 - 801 wt. 
dioxane. Hie conductance data (c = equivalent per litre, A - equivalent 
conductance) are summarised in Tables 70 to 72. Hie six systems are 
identified by their solvent percentage composition. Inspection of the 
data of these Tables shows that association of the ions of potassium 
chloride to pairs increase rapidly once the dielectric constant of the
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rapidly with increasing concentration as the dielectric constant decreases.
The data were analysed by the computer using the extrapolation and
minimisation techniques (see Part III for details). The values of
and Aq obtained for ICC1 in water-dioxane mixtures by the extrapolation
method are shorn in Tables 73  and 74. The extrapolations were at a
number of input a values and the results are tabulated for a values of
H 2 )0.31, 0.4 and 1.0 nm, corresponding to. Fuoss-Accascinav J, Denison- 
Ramsey-Fuoss^^ and Eigen^4^  models respectively. For the six systems 
studied the standard deviation of the extrapolation plots gave variations 
of the order of 0.061 in Aq and 0.41 in . Regarding the negative 
KA values found for ICC1 up to 501 mixture, it is interesting to note 
that for this salt and for a parameter values of the order of 0.4 nm, it 
is possible to obtain degrees of dissociations greater than unity.
The minimisation techniques were demonstrated by Fuoss and his 
co-workers , to be useful evaluation techniques when applied to some 
uni-univalent electrolytes. The differences between the calculated 
and experimental values of the equivalent conductances, using such 
technique, are shown in Tables 75  to 30, and the best fit values of the 
three parameters ,fiQ and a are listed at the bottom of each 
table. From all the results involved, it seems that KC1 is appreciably 
associated in wrater-dioxane mixtures of over 401 dioxane. Bjerrum^^ ,Wo-S 
one of the first to propose that strong electrolytes were completely 
dissociated in aqueous solution but that some of the ions could associate 
if charge and/or dielectric constant were such that the potential 
energy of a pair of ions was significantly higher than ^ T.
In solvent of high dielectric constant, the fraction of free ions 
is quite near unity, and the conductance change with concentration is
solvent drops below about 40; the equivalent conductance decreases more
- 204 - 
Table 7 0
Measured Conductances of KC1 in Water-Dioxane Mixtures
101 Dioxane 201 Dioxane
Solution 104c/gm_1 equiv. 1 Aexp Solution
l O V g m ^  
equiv. 1 Aexp
1 2.4634 124.06 1 2.8246 103.14
2 3.0594 123.91 2 3.5864 102.97
3 4.5793 123.54 3 5.6344 102.65
4 5.4657 123.36 4 . 11.8174 101.96
5 6.5729 123.19 5 14.5216 101.69
6 7.5639 123.05 6 16.3951 101.50
7 8.5128 122.90 7 18.3355 101.33
8 10.7640 122.62 8 20.8207 101.12
9 12.1115 122.47 9 23.5493 100.91
10 13.3866 122.35 10 27.3538 100.62
n 14.8778 122.22 11 31.5910 100.37
12 16.3810 122.06 12 35.7679 100.11
13 18.0645 121.89 13 43.7622 99.63
14 20.3665 121.70
15 24.6745 121.34
16 29.0324 120.97
17 ,36.8207 120.49
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Table 71
Measured Conductances of ICCl in Water-Dioxane Mixtures
401 Dioxane 501 Dioxane
Solution 104c/gm_1 A Solution 104c/gm Aequiv. 1 exp equiv. 1 exp
1 3.7763 72.45 1 3.5557 59.94
2 4.5706 72.32 2 8.2295 58 796
3 5.4793 72.19 3 10.0783 58.71
4 6.5414 72.01 4 12.3954 58.45
5 7.6046 71.88 5 14.7710 58.16
6 9.3469 71.65 6 16.8509 57.93
7 10.8862 71.46 7 19.1048 57.67
8 14.2105 70.91 8 21.7101 57.40
9 19.9375 70.54 9 24.7787 57.09
10 23.1525 70.26 10 28.7957 56.73
11 25.8726 70.07 11 32.6354 56.39
12 29.3426 69.84 * 12 37.0919 55.98
13 34.3158 69.48 13 42,9828 55.59
14 51.6937 55.01
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Table 7 B
Measured Conductances of KC1 in Water-Dioxane Mixtures
651 Dioxane 801 Dioxane
Solution 104c/gm_1 A Solution 10lfc/gm_1 A ;equiv. 1 exp equiv. 1 exp
1 6.9070 44.32 1 3.2413 24.71
2 8.8424 44.19 2 6.2216 21.41
3 10.9169 43.56 3 9.3294 19.38
4 13.5401 42.86 4 10.9237 18.73
5 15.8598 42.31 5 12.6833 18.18
6 18.2046 41.81 6 14.4282 17.42
7 20.7666 41.30 7 16.0814 16.92
8 23.0675 40.89 8 17.8017 16.47
9 25.5101 40.50 9 20.8271 15.80
10 27.8559 40.13 10 22.3768 15.49
11 30.2394 39.79 11 23.8813 15.23
12 32.5287 39.49 12 25.3364 14.98
13 34.8876 39.18 13 26.8616 14.76
14 37.2266 38.97 14 29.3926 14.39
15 39.7262 38.69
16 42.7917 38.35
17 46.3282 37.99
18 50.9759 37.55
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0.40
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439 i iCN -O VO • • • CO CN ft1
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j
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145
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4.0
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46.52
46.46
61.81
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C
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46.47
46.45
46.08
61.83.
61.84
61.83 cr“
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450
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14.9 
13.7
Shedlovsky
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Table 7 5
f = 0.001 MHz KC1 in 101 H O  - C H O  T « 298 K     2  —8— 2  -----------------
So
lu
ti
on AA Aca£c “ Aexp
F/H
Complete
F/H
Modified
Pitts
Complete
Pitts
Modified D ’Aprano M/C
1 0.00 0.00 -0.06 -0.02 -0.02 p.06
2 0.03 0.01 -0.04 -0.03 0.03 0.07
3 -0.03 -0.04 0.03 0.02 -0.02 0.01
4 -0.04 -0.05 0.03 0.04 -0.04 -0.01
5 -0.02 -0.03 0.02 0.01 0.01 0.01
6 -0.01 -0.02 0.02 0.01 -0.01 0.00
7 .-0.02 -0.03 0.05 0.02 -0.02 -0.01
8 -0.02 -0.03 0.04 0.02 -0.01 -0.02
9 -0.01 -0.02 0.01 0.00 0.00 -0.02
10 0.01 0.00 -0.02 -0.01 0.02 -0.01
11 0.04 0.03 -0.06 -0.04 0.05 0.01
12 0.03 0.02 -0.08 -0.03 0.04 -0.01
13 0.02 0.01 -0.01 -0.02 0.03 -0.03
14 0.03 0.02 0.02 -0.03 0.04 -0.04
15 0.02 0.01 -0.03 -0.02 0.03 0.05
16 -0.05 -0.05 0.03 0.04 -0,03 -0.02
17 -0.02 -0.03 0.02 0.01 -0.01 -0.02
Fit ValiiRS!
ka 0.4 0.5 0.5 0.5 0.1 0.5
A0 L25.40 125.40 125.38 125.39 125.40 125.33
a 0.55- 0.56 0.53 0.54 0.56 0.59
a 0.03 0.03 0.04 0.02 0.03 0.03
-  2 1 0  -
Table 70
f = 0.001 MHz KC1 in 201 Hn0-C, H„0------------------------------- 2------- 4—8—2 T = 298 I(
So
lu
ti
on AA " Aca£c - AeXp
F/H
Complete
F/H
Modified
Pitts
Complete
Pitts
Modified D * Aprano M/C
1 -0.12 -0.14 -0.17 0.16 -0.15 -0.06
2 -0.10 -0.14 -0.19 0.12 -0.14 -0.07
3 -0.06 -0.08 -0.17 0.07 -0.08 -0.02
4 0.06 0.04 -0.07 -0.04 0.05 0.05
5 0.05 0.05 -0.05 -0.05 0.06 0.04
6 0.05 0.04 -0.06 -0.03 0.05 0.01
7 0.04 0.04 -0.04 -0.03 0.05 -0.01
8 0.03 0.04 -0.03 -0.02 0.04 0.07
9 0.03 0.04 -0.01 -0.02 0.04 0.06
10 0.00 0.00 0.00 0.00 0.02 0.02
11 0.03 0.05 0.07 -0.03 0.06 0.03
12 0.00 0.03 0.10 -0.01 0.04 -0.01
13 -0.07 -0.02 0.15 0.03 -0.01 -0.09
Best Fit Values:
ka 1.1 0.7 3.1 1.0 0.5 0.6
Ao 104.68 104.65 104.42 104.62 104.69 104.54
a 0.62 0.56 0.50 0.60 0.59 0.57
a 0.06 0.07 0.10 0.05 0.07 0.05
4
-  2 1 1  -
Table 7 7
f « 0.001 MHz KC1 in 401 Hrt0~C,.Hn0o T - 298 K*     ......— —* *■—    ■«...—H—0 ^ 2  ■ —
s: AA = Aca2C Aexp
F/H
Complete
F/H
Modified
Pitts 
Conniete .
Pitts
Modified D 1Aprauo M/C.
1 -0.08 -0.07 0.11 0.06 -0.07 -0.14
2 -0.04 -0.04 0.09 0.03 -0.05 -0.04
3 0.00 0.00 0.08 0.00 0.00 -0.01
4 0.00 0.00 -0.08 0.00 0.00 0.00
5 0.03 0.03 -0.14 -0.03 0.03 0.03
6 0.04 0.04 -0.05 -0.04 0.04 0.04
7 0.05 0.04 0.04 -0.05 0.04 0.05
8 -0.12 -0.14 0.03 0.13 -0.14 -0.13
9 0.05 0.03 0.10 -0.03 0.02 0.03
10 0.03 0.01 -0.06 -0.02 0.01 0.02
11 0.04 0.02 -0.07 -0.03 0.01 0.02
12 0.06 0.03 0.01 -0.06 0.02 0.02
13 0.01 -0.01 0.04 -0.03 -0.03 -0.03
Best Fit Values
!
Ka 1.8 1.8 3.5 2.0 1.8 2.5A
Ao 74.16 74.14 74.10 74.12 74.15 74.16
a 0.55 0.59 0.50 0.53 0.54 0.55
a 0.05 0.05 0.15 0.05 0.05 0.06
-  2 1 2  -
Table 7 8
f = 0.001 MHz KC1 in 501 Hf,O-C,H0O2 T , = 298 K
g AA Aca2C " AeXp
P, F/H F/H Pitts Pitts M/Cc53 Complete Modified Complete Modified D ’Aprano
1 -0.14 -0.12 -0.14 0.05 -0.25 -0.07
2 -0.12 -0.12 -0.22 0.09 -0.17 -0.07
3 0.04 0.03 -0.08 -0.04 -0.16 0.08
4 0.02 0.01 -0.11 -0.01 -0.08 0.05
5 0.05 0.03 -0.09 -0.02 -0.04 0.07
6 0.07 0.03 -0.06 -0.04 -0.02 0.08
7 0.07 0.03 -0.06 -0.02 0.00 0.06
8 0.07 0.03 -0.05 -0.02 0,01 0.05
9 0.06 0.02 -0.04 -0.01 0.03 0.02
10 0.06 0.02 -0.01 -0.01 0.01 0.00
11 0.03 0.00 0.01 0.00 0.00 -0.05
12 -0.05 -0.07 -0.01 0.06 0.04 -0.16
13 -0.04 -0.05 0.09 0.02 0.11 -0.19
14 -0.08 -0.08 0.17 0.00 -0.09 -0.32
Best Fit Values
ka . 6.4 5.6 7.4- 6.0 7.2 7.0
Ao 61.91 61.86 61.60 61.74 61.83 61.82
a 0.53 0.59 0.50 0.59 0.53 0.53
a 0.07 0.06 0.10 0.04 0.10 0.12
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Table 7 9
f = 0.001 MHz KC1 in 651 Ho0-Q|H q0o T = 298 K
So
lu
ti
on AA Acalc " ^exp
F/H
Complete
F/H
Modified.
Pitts 
Complete.
Pitts
Modified D ’Aprano M/C
1 -0.16 -0.26 -0.44 0.21 -0.05 -0.40
2 0.33 0.21 -0.02 -0.21 0.42 0.18
3 0.28 0.08 -0.10 -0.12 0.36 0.21
4 0.22 0.08 -0.18 -0.02 0.29 0.22
5 0.18 0.04 -0.22 0.03 0.23 0.23
6 0.14 0.01 -0.24 0.08 0.17 0.22
7 0.09 -0.02 -0.26 0.12 0.11 0.19
8 0.06 -0.03 -0.24 0.12 0.07 0.17
9 0.03 -0.03 -0.20 0.12 0.03 0.15
10 -0.01 -0.05 -0.18 0.13 -0.02 0.10
11 -0.04 -0.05 -0.13 0.12 -0.06 0.05
12 -0.06 -0.06 -0.07 0.09 -0.10 0.01
13 -0.10 -0.05 -0.03 0.08 -0.16 -0.05
14 -0.05 0.02 0.11 -0.03 -0.14 -0.04
15 -0.08 0.03 0.18 -0.06 -0.18 -0.10
16 -0.13 0.03 0.26 -0.10 -0.26 -0.20
17 -0.17 0.04 0.38 -0.17 -0.34 -0.31
18 -0.25 0.04 0.53 -0.25 -0.48 -0.48
Best Fit Values
ka 42 27 22 24 61 94
■Ao 48.90 48.74 48.40 48.46 48.72 49.81
a 0.53 0.65 0.48 0.51 0.60 0.70
0 0.16 0.09 0.25 0.13 0.23 0.22
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Table 8 0
f = 0.001 MHz KC1 in 80% H„0-C,H„0n T « 298 K  ---------------------2------ 4—8 — 2   ;--------------
Pio*H AA “ Acalc ~ Aexp
a
F/H
Complete
F/H
Modified
Pitts
Complete
Pitts
Modified D fAprano M/C
i -0.03 0.28 -0.37 0.52 -0.01 1.61
2 -0.07 -0.26 -0.85 0.79 0.09 1.36
3 -0.08 -0.33 -0.76 0.66 0.12 0.93
4 0.04 -0.19 -0.53 0.44 0.23 0.80
5 0.18 0.20 -0.21 0.14 0.37 0.71
6 0.03 -0.08 -0.20 0.16 0.18 0.29
7 0.02 -0.03 -0.03 0.04 0.13 0.07
8 0.02 0.02 0.15 -0.09 0.08. -0.15
9 0.01 0.13 0.46 -0,32 -0.03 -0.52
10 0.00 0.18 0.63 -0.43 -0.09 -0.69
11 -0.01 0.22 0.78 -0.53 -0.16 -0.85
12 -0.02 0.25 0.91 -0.62 -0.24 -1.00
13 -0.03 0.30 1.07 -0.72 -0.31 -1.14
14 -0.06 0.34 1.29 -0.87 -0.48 -1.37
Best Fit Values:
V 1940 345 350 470 2340 4100
A 36.12 31.20 31.60 32.60 36.77 38.060
a 0.57 0.68 0.62 0.53 0.51 1.4
a 0.06 0.22 0.69 0.52 0.22 0.93
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primarily due to mobility change. As the dielectric constant decreases, 
the change of fraction of free ions with concentration begins to 
dominate the decrease of equivalent conductance with increasing 
concentration, but the mobility change may not be entirely neglected^1
Figure 4*1 represents the association behaviour of the system. It 
is seen that, as the dielectric constant is lowered by adding dioxane to 
the solvent, the association constant increases exponentially with 
reciprocal dielectric constant.
The contact distance a was found to remain nearly constant, 
except in the case of the Murphy-Cohen equation, over the whole range 
of mixtures. In comparing our values of AQ and with those 
obtained by Lind and Fuoss^47  ^good agreement was obtained over the 
entire range of solvent mixture system. The discrepancies in a 
values call for a more detailed theory, based on a model which takes 
into account the discrete structure of the solvent when ion and solvent
molecules become comparable in size. Their values for a are in the
range 0,33 - 0.64 nm corresponding to a range of dielectric constant 
from 78.54 - 12.74, while Fuoss(-^O) £n anaiySis fox the conductance-
concentration function for alkali halides in water-dioxane mixtures 
gave the value a =0-565 nm in water at D = 78.54 .
It should be mentioned here that , AQ and' a values obtained
from the complete Fuoss-Hsia e q u a t i o n a r e  generally in mucli better 
agreement with the experimental values than those obtained from the 
other equations.
Finally, it can be concluded that the concentration dependence of 
the conductance of potassium chloride in water-dioxane systems can be 
satisfactorily described only by the assumption of ion-pair formation.
- 216 -
The extent of ion association increases with, increasing percentage 
of dioxane.
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FIGURE 4-1
POTASSIUM CHLORIDE 
WATER MIXTURES
DIOXANE
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APPENDIX 3
Example of Minimisation Program
In the present work, all programs were written in Algol for an 
ICL 1905F computer. One of these is the minimisation program, used 
to minimise the measured conductance data which is fed in as N pairs 
of C^/A^ values. The best fit values of the three parameters K^ ,
Aq and a were usually obtained as follows: a is given a series of
M values while runs from an initial value of KA to KAMAX in
steps of DKA and AQ runs from an initial value of LO to LOMAX
in steps of DLO . The following minimisation program, with respect 
to the modified Fuoss-Hsia^3^ , is given as an example here. Input 
is needed in the following order:-
ETA (viscosity of solvent)
D (dielectric constant of solvent)
T (absolute temperature)
Z (valency of symmetrical electrolyte under
examination)
LO (initial AQ value)
KA (initial KA value)
DLO
DKA
LOMAX
KAMAX
M (a values number )
N (C./Af Pa±rs number)
AR.[a] (M a values)
C[j,j] (N pairs of C and A data)
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The output consists of the sum of the squared deviations, SS , 
between calculated and measured conductances and the corresponding 
values of IC^  , Aq and a .
4 'BEGIN1 'REAL'Z,KA,KD,L0,FACT,H,G,L,
4 D,ETA, J1, J2 ,S1 ,S2,S3,S4 ,KAPA,BETA,B ,T,
4 P,Q,SS,R,V,W,X,HB,DLA,DLO,DKA, LOMAX,
4 KAMAX,AB,DL;
4 1 INTEGER'M,N,A,J,Y,I;
5 K:
5 ETA:=READ; D: =READ; T:=READ;
9 WRITETEXT (' (' FU0SSIHSIAIM3DIFIED') ');
10 NEWLINE (1);
11 NEWDATA : Z:=READ; LO: =EEAD; KA:=READ;
14 DL0:=READ; DKA:=READ; LOMAX:=READ; KAMAX
18 P :=L0;
19 Q:=KA;
20 SS:=0;
21 M:=READ; N :-READ;
23 'BEGIN"ARRAY'AR[l:M] ,C[l:N,l :2] ;
23 'F0R'A:=1 'STEP1 1 'UNTIL' M 'DO'
25 AR[A] :=READ;
26 'FOR’I:=1 'STEP' 1 'UNTIL' N 'DO'
27 'FOR'Ji-l 'STEP' 1 'UNTIL' 2 'DO'
28 c[l,j]:=READ;
29 NEWA='F0R'A:=1 'STEP' 1 'UNTIL' M 'DO'
30 ' BEGIN'H:=l;
32 R: =12345;
33 PRINT(I<A,3,2) ; PRINT(AR[a] ,2 ,2 ) ;
-  2 2 0  -
35 NEWLO: IT: =1;
37
36 I(D:=1/I<A;
'FOR’I:=1 1STEP1 1 ’UNTIL* N ’DO’
38 'BEGIN'
38 H:=l;
40 ’GOTO ’NEWF;
41 NEWG:H:=G;
42 NEWF: FACT :=EXP(“ 2.^)3*. 509 2*Zf 3*
42 SQRT(C [I ,l] *H) /C1+. 3286*
42 AR[A]*Z*SQRT(C[l,l]*H)));
43 G: = (SQRT (KDF2+4 *C \j, l] *FACT+2*KD) -
43 KD)/(2*C|J51]*FACTL2);
44 ’ IF’ABS(G-H)? .0001’THEN’ ’GOTO’NEWG;
45 H:=l;
46 L:=G*(LO-((159.35 * ZF 3/DF1.5)*L0+4,7779 *
46 Zf 2/ (ETA'/KDFO. 5)) *SQRT (C [I, l] +G) + (2.55.59 8,
46 5*(ZF6/DF3)*LO-1122.3*ZF5/(ETA*DF2))*
46 (C[j,lj[*G(INC p[,l]*G)/2.303)) ;
47 KAPA:=2.9127*SQRT(C[l,l]*G)*Z*AR[A]/SQRT(D);
48 B:=560.37/((D/ZF2))IAR[A]);
49 HB:=(2*BF2+2*B-1)/BF3;
50 BETA: =4.77792KZF2/ (ETA*SQRT (D) ) ;
51 AB:=159.35*ZF3*BETA/DF1.5:
52 SI: = (KAPA*B) 12/ (24*C [I ,l] *G) ;
53 SI :=S1* (1.8147+(2*LN(KAPA/SQRT(C [i ,l] *G) )) +4/BF2-2/BF3) ;
54 S2: =AB+BETA*KAPA/SQRT (C [i ,l] *G) ;
55 S2:=S2-BETA* KAPA*B/(16*SQRT (C (j,1] *G))*
55 (1.5337+4/(3*B)+2*LN(KAPA/SQRT(C (j ,l]*G)));
56 J1:=S1*L0+S2;
-  2 2 1  -
57 S3: =Bf2*KAPA13/ (24* (C \l ,l] *G) 11.5) *
57 (.6094+4.4748/B+3.8284/BI2);
58 S4: =BETA* (I(APA*B) 12/24 *C |t ,l] *G);
59 S4:=S4*(4/B+4/B12-2/B13-1.9384)+AB*
59 KAPA/SQRT (C |j ,l] *G);
60 S4: =S4 +BETA* KAPA12 / (C \j,i] *G) - (BETA*B*
60 KAPA12/(16*C Q. ,l] *G))*(1.5405+2.2761/B)
61 S4:=S4-(BETAI2*KAPA*B/(16*L0*SQRT (C [i ,l] *
61 G))*(4/3*B)-2.2194));
62 J2:=S3*L0+S4;
63 PRINT(L, 3,3) ; PRINT(J1,3,3);
65 L:=L+G*J1* (C [I ,lj *G) -J2*G* (C p  ,l] *G) 11.5;
66 PRINT(J2,3,3); PRINT (L, 3,3) ;
68 NEWLINE (1);
69 SS:=SS+(L-Cjj,2])l2;
70 ‘END’;
71 PRINT (LO, 3,2); WRITETEXT(1 (’SS=f) ’) ;
73 PRINT(SS,4,4);
74 ’ IF* R < SS 'THEN1 ’QOTO’NEWKA;
75 R:=SS; SS:=0;
77 LO:=LO*DLO;
78 PRINT(LO,3,3);
79 ’IF’ LO < LOMAX 'THEN1 ’GOTO’NEWLO;
80 WRITETEXT(* (’LOMAX’) ’) ;
81 NEWKA: R: =12345; -
82 SS:=0;
83 LO:=P;
84 KA:=KA*DKA;
-  2 2 2  -
85 NEWLINE(2):
86 WRITETEST(1 ('KA=') ') ;
87 PRINT (ICA, 3,3);
88 'IF'ICA < KAMAX ’THEN'’GOTO'NEWLO
89 KA:=Q;
90 IjO:=P;
91 ’END’;
92 1 GOTO ’ NEWDATA;
93 EXIT:'END’;
94 1ENDT;
95 ’END';
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APPENDIX 4
Values of Physical Constants
The following numerical values of physical constants were used in 
this worlc, and based on SI units, and taken from the values recommended 
in 1970&51).
Physical Constant Symbol Value
Avogadro constant na 6.022 52 x 1023 mol"1
Boltzmann constant k" 1.380 54 x i c f 2 3  J K"
Electronic charge e 1.602 10 x 10"19 C
Faraday constant F ' 9.648 70 x 10 4 C  mol"
Velocity of light 
in a vacuum C "
2.997 925 x 108 m s"1
Temperature T \ 273.16 + t(c) K
While the dielectric constant (relative permittivity) of water was 
taken to be 78.358^*® and the viscosity of water was 0.008903 centipoise, 
both at 298 K..
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